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ABSTRACT 
The substantial penetration of wind power introduces increased flexibility requirements on 
the power system and puts increased pressure on the instantaneous reserve levels required. 
Instantaneous reserves are a security product that ensures that electricity demand can 
continue to be met in the event of unplanned generation or transmission interruptions. This 
reserve must be available to respond very quickly to generation-demand variability. While 
this is an integral component of the power system, providing instantaneous reserve 
increases the production cost of power. More calls from energy researchers and 
stakeholders ask for loads to play an increasingly important role in balancing the short 
timescale fluctuations in generated wind power. The purpose of this study is to assess the 
current level of demand responsiveness among domestic refrigerators, freezers, and water 
heaters and their potential to contribute towards instantaneous reserve and balance the 
fluctuation of wind. Refrigerators, freezers, and water heaters can generally store energy 
due to their thermal mass. Interrupting these domestic loads for short time by employing 
direct load control strategies makes it possible to control these appliances by turning them 
on or off before their reach their maximum or minimum temperatures or by slightly 
modifying their temperature set point. Using this strategy helps to ensure that the overall 
satisfaction of consumers should not be affected. This study first modelled the load profiles 
of the participated residential appliances and statistically assessed the potential of 
controlling these residential loads using direct load control strategies to contribute towards 
instantaneous reserves to mitigate and balance the fluctuation of wind power in the years: 
2014, 2020 and 2030. In the second section, it demonstrated the capabilities of the assessed 
residential responsive loads within Wellington Region network to compensate for and 
balance the fluctuation of wind power generated from the West Wind Farm in seven 
selected days in 2013-2014 as a showcase. Such technology can enable a power system 
operator to remove the burden of both providing instantaneous reserve from conventional 
sources, and instead maintain such capacity from available residential demand response. 
The study ends with recommendations to engage residential loads in fast timescale demand 
response and suggests directions for future research. 
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CHAPTER 1 INTRODUCTION  
1.1 Overview 
The purpose of this study is to assess the current level of demand responsiveness among 
domestic refrigerators, freezers, and water heaters and their potential to balance wind 
fluctuation and contribute towards additional instantaneous reserve resulting from the high 
penetration of wind in the New Zealand power system. The potential contribution may 
mitigate the impact of wind variability and assist to maintain the New Zealand power 
system flexibility when integrating large amounts of wind power into the grid.  Flexibility 
is defined as the ability of a system to cope with uncertainties and variations in the 
generation and the demand, while maintaining the system reliability at minimum additional 
cost [1]. This chapter gives first an overview of the recent developments in the electric 
power industry in New Zealand that motivated the present work. It then discusses briefly 
the main characteristics of wind power which influence the flexibility of the power system. 
Strategies to maintain power system flexibility are reviewed with special focus on the role 
of demand response (DR) as a flexibility source. Research objectives and approach are 
listed. This chapter concludes with a brief outline of each chapter of the thesis. 
1.2  NZ going 90% renewable 
The New Zealand Government has announced a target of generating 90% of required 
electricity from renewable sources by 2025, up from around 75% today. Achieving this aim 
requires a high increase in renewable generation, especially wind power. According to [2], 
wind is expected to be a main source of electricity, generating at least 20% of New 
Zealand’s electricity by 2030, up from 6% of generation today.  
Figure 1-1 [3] shows the electricity generation by fuel till 2030.  
Wind power has great potential for New Zealand’s sustainable energy future. Increased 
wind generation will create a greater variety than currently exist in the sources of 
generation, mitigate the impacts of dry years on the power generation from hydro inflows. 
A number of factors are more likely to enhance the penetration of wind in New Zealand. 
New Zealand enjoys an abundance of wind due to its westerly air flow and long coastline, 
and to the mountainous geography of NZ [4]. The availability of land on which to sit wind 
farms, cost effective wind technology to generate power, cleanness of wind energy, and 
increased capacity and efficiency of wind turbines are other factors which facilitate higher 
integration of wind power in the NZ power system [2]. Therefore, wind power is regarded 
2  
as one of the most promising renewable energy technologies for New Zealand power 
system. 
 
Figure 1-1: Electricity generation by fuel [3] 
1.3 Characteristics of wind power 
Wind power is naturally variable on different time scales ranging from seconds and hours 
to months and seasons and there is no control over the timing or level of generation output. 
Dramatic changes could happen in a single day, which significantly increase the difficulties 
in the operation of the power system.  Figure 1-2 [5] represents West Wind power output 
plotted with 1-minute resolution on 3/3/2014. 
  
 Figure 1-2: Wind power profile of on March 3, 2014  
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power to decrease to around 20 MW. The wind power increased to about 100 MW later. 
Then, in less than two hours, the wind generation decreases to less than 10 MW. Then, 
again it starts to increase from 6 MW to 120 MW. There are smaller up and down 
movements with durations ranging from minutes to hours interspersed in between that 
create local peaks and valleys. For the electric system to operate reliably, generation must 
match load all the time. When an event like this occurs where the wind power may be 
decreasing simultaneously with an increase in load, the situation aggravates. 
The existing power system is already designed to have sufficient flexibility to deal with 
variability and uncertainty in demand and to respond to unplanned generation outages and 
hence can host moderate amounts of variable renewable with little to no changes [6]. 
Variability and uncertainty arising from demand levels, hydro inflows and failures of 
generation units and network facilities are familiar to the electric power industry [7]. 
However, the deployment of wind power to supply the electricity industry at large scale 
has a more significant impact on the power system. The impact of large-scale wind 
integration on power systems is discussed in the following section. 
1.4 Impact of large-scale wind integration on power systems 
Wind power influences power system operational security, reliability, and performance. 
Figure 1-3 [8]  captures the major areas in the planning and operation of the power system 
at different timescales which will be affected by the increased penetration of wind power: 
Balancing, adequacy of power and grid.  
 
Figure 1-3: Impact of wind power on power systems [8] 
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Balancing covers the impacts on allocation and use of short term reserves (timescale: 
minute ... half an hour) and efficiency and unit commitment of existing power capacity 
(timescale: hours ... days). In the timescale of hours to days the positive impacts of wind 
power can also be seen, reducing the use of fossil fuels thus saving the operational costs of 
the power system as well as decreasing the emissions. The unpredicted part of the variations 
of large area wind power should be combined with any other unpredicted variations the 
power system sees, like unpredicted variations in load. These power adequacy is associated 
with static conditions of the system. It is about the total supply available during peak load 
situations (timescale: several years). The estimation of the required generation capacity 
needs to include the system load demand and the maintenance needs of production units 
(reliability data). The criteria that are used for the adequacy evaluation include the loss of 
load expectation (LOLE), for instance. The issue is the proper assessment of wind power’s 
aggregate capacity credit in the relevant peak load situations— taking into account the 
effect of geographical dispersion and interconnection. Wind generation will provide some 
additional load carrying capability to meet expected, projected increases in system demand. 
This contribution can be close to the average power produced by wind power at times of 
peak load, when the penetration of wind power is not high, and the capacity value of wind 
will decrease as wind power penetration increases. Aggregating large areas has a positive 
impact on the capacity credit of wind power. 
Challenges for the case studies include developing representative wind power production 
time series across the area of study, taking into account the (smoothed out) variability and 
uncertainty (prediction errors) and then modelling the resultant power system operation. 
For high penetration levels of wind power, the optimization of the integrated system should 
be explored. Modifications to system configuration and operation practices to 
accommodate high wind penetration may be required. Not all current system operation 
techniques are designed to correctly incorporate the characteristics of wind generation and 
surely were not developed with that objective in mind. For high penetrations the surplus 
wind power also needs to be dealt with, for example by increasing the flexibility in the 
generation mix, transmission to neighbouring areas, storage (e.g. pumping hydro or 
thermal) or even demand side management (avoiding wind power curtailment). There is a 
need to assess wind power integration at the international level, for example to identify the 
needs and benefits of interconnection of national power systems. The impacts of wind 
power on transmission depend on the location of wind power plants relative to the load, 
and the correlation between wind power production and load consumption. Wind power 
5 
affects the power flow in the network. It may change the power flow direction, and reduce 
or increase power losses and bottleneck situations. There are a variety of means to 
maximize the use of existing transmission lines like the use of online information 
(temperature, loads), FACTS (flexible ac transmission systems) and wind power plant 
output control. However, grid reinforcement may be necessary to maintain transmission 
adequacy and security. Grid extensions are commonly needed if new generation is installed 
in weak grids far from load centres. The issue is generally the same be it modern wind 
power plants or any other power plants. The cost of grid reinforcements due to wind power 
is therefore very dependent on where the wind power plants are located relative to the load 
and grid infrastructure, and one must expect numbers to vary from country to country [4, 
11, 7]. With current technology, wind power plants can be designed to meet industry 
expectations such as riding through voltage dips, supplying reactive power to the system, 
controlling terminal voltage, and participating in SCADA (supervision control and data 
acquisition) system operation with output and ramp rate control. 
The variability of renewable energies raises operational problems on power grids. To 
maintain power system reliability, resources assigned to achieve grid balance must be able 
to quickly respond to the excess or loss in variable generation. In addition to these common 
challenges, integration of large scale wind generation into the New Zealand power system 
creates more challenges due to its unique characteristics. These are listed in [9]: 
1. New Zealand has a hydro dominated power system. Hydro plant can provide 
substantial operating flexibility to assist in managing wind variability. However, 
hydro does have storage and energy limitations. 
2.  The New Zealand power system has no interconnections to other power systems 
to draw from due to its island geography.  
3. New Zealand’s power system is long and stringy in nature as the generation and 
load are connected through long transmission lines. This is an important point 
when considering transmission issues associated with connecting new wind farms.  
4. There are large wind output variations in relatively small period of time. 
The large-scale wind power integration increases the level of uncertainty and variability in 
the system. A comprehensive review of the new requirements that intermittent generation 
may impose on power systems can be found in [8]. In order to integrate large penetrations 
of wind power without compromising the system security, more flexibility services are 
required to cope with the predicted and unpredicted changes in demand and supply.. A main 
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strategy to enhance power system flexibility when hosting large amount of wind power is 
to increase the operating reserve so that the system can handle more uncertainties. 
Operating reserves are defined next. 
1.5 Definition of operating reserve 
Operating reserve is traditionally designed to provide upward reserve which is required to 
handle an unforeseen increase in demand or an unexpected decrease in generation and 
downward reserve which is required to cope with an unforeseen decrease of demand [10]. 
Power system operators secure different amounts and types of operating reserves to 
maintain supply-demand balance and keep the system frequency stable. The integration of 
wind power generation requires additional upward and downward reserves to assist in 
generation and load balance and frequency control because of the possible overestimate or 
underestimate of the wind generation and future loads [11]. The author of [12] 
differentiated the types of operating reserves according to their response speed, response 
duration, and frequency of use. These reserve types are summarised in Figure 1-4. Spinning 
reserve refers to the extra generating capacity that is available by increasing power output 
of generators that are already connected to the power system. The non-spinning reserve is 
the extra generating capacity that is not currently connected to the system but can be 
brought online after a short delay. The replacement reserve known as contingency reserve 
is reserve power provided by generators that require a longer start-up time (typically thirty 
to sixty minutes). It is used to relieve the generators providing the spinning or non-spinning 
reserve and thus restore the operating reserve. Finally, the frequency-response reserve (also 
known as regulating reserve) is provided as an automatic reaction to a loss in supply. It 
occurs because immediately following a loss of supply, the generators slow down due to 
the increased load. To combat this slowing, many generators have a governor. By helping 
the generators to speed up, these governors provide a small boost to both the output 
frequency and the power of each generator.   
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Figure 1-4: Examples of Operating Reserves and how they are related [12] 
Operating reserve in the New Zealand power system has been defined and investigated by 
[9]. The researchers of [9] carried out a study to investigate the system impacts and costs 
of integrating wind power in New Zealand. One of the objectives of their study was to 
quantify the amount of additional operating reserves needed and their cost effective 
provision in order to capture most of the variation in wind power output to maintain system 
balance and security. Their study investigated the impact of increased wind penetration 
levels on three types of operating reserves: instantaneous reserve (spinning reserve), 
frequency keeping reserve and standing reserve (non-spinning reserve). Frequency keeping 
reserve refers to the reserve utilised to manage the frequency in the North and South Islands 
within the normal band of 50 +/- 0.2 Hz. In order to meet this objective, the system operator 
procures frequency keeping quantities of +/- 50 MW from frequency keeping stations in 
each island. On the other hand standing reserve is used for absorbing less frequent but 
relatively large load-supply imbalances. Instantaneous reserve which will be the focus of 
this study is defined as the reserve provided to manage the risk of the loss of infeed from 
the largest single plant in a contingency event. They further classified instantaneous reserve 
into fast instantaneous reserve which should be available within 6 sec and sustained for a 
minute, and sustained instantaneous reserve which needs to be available within 60 sec and 
sustained for 15 minutes.  The authors of [9] found that for low wind penetration in 2010, 
hydro remains the primary source of operating reserves. However, due to the limited 
expansion of New Zealand’s hydro capacity expected in the future, other flexibility 
resources should take part to manage the variability of wind generation. Additional 
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operating reserves will be needed to manage the uncertainty in wind generation output in 
high penetration scenario.    
Numerous studies have shown that high penetration of fluctuating renewable energy is 
possible, but this requires constant changes in planning and operation of transmission 
networks as well as resources which can balance fluctuations and respond to contingencies. 
Power systems have many flexibility sources for integrating greater amounts of variable 
generation into the grid. Figure 1-5 [13] provides a conceptual supply curve which shows 
the main sources of flexibility and their cost rates.  
 
Figure 1-5: Cost of increased flexibility in power systems, general trend [13] 
Supply from power plants have traditionally provided nearly all system flexibility. 
Flexibility options in power supply include conventional generation systems, such as coal, 
gas, oil and renewable sources. Energy storage can be seen as both generation and demand 
in the system. Also, power system transmission and distribution networks are a key enabler 
of flexibility in the system, allowing the spatial sharing of flexibility resources. The use of 
interconnections between neighbouring systems to enhance system security has been a 
common practice. Interconnections can increase flexibility by allowing balancing of a 
system in coordination with other system operators. In Denmark and Germany where wind 
power is a main source of electricity, their power systems are managed by utilising large 
flow of power across national boundaries. This flow ensures demand is met during periods 
of low renewable generation and also to allow extra power supply to be used elsewhere 
during periods of high renewable generation. However, due to the isolated location of New 
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Zealand, importing and exporting power is not a feasible option. Power systems can also    
utilise flexible demand response to maintain their flexibility and security. The focus of this 
study is on examining the potential of demand response as a source of contributing towards 
instantaneous reserve provision in the New Zealand power system when hosting large 
amount of wind with the aim of maintaining system reliability Next section provides a brief 
background about demand response capabilities of providing reserve to maintain power 
system flexibility.  
1.6 Demand response 
Stakeholders are recognizing that flexible demand will be increasingly valuable in 
managing the intermittency of renewables in the future and that the participation of the 
demand side has potential to bring considerable benefits to the electricity market. The 
author of [14] commented that demand response is a critical feature to be developed for an 
efficiently functioning electricity grid in an isolated country like New Zealand, which is 
aspiring for a high intermittent renewable penetration. From the perspective of wind power 
integration and increasing system flexibility, demand response offers the most interesting 
prospects [15]. Demand response can usually be very fast to react, which means that it can 
be used for a wide variety of system services starting from instantaneous reserves all the 
way to long-term capacity adequacy. Technically, demand can provide better reliability 
response than generation since full response is usually achieved immediately by tripping 
the load [12]. [16] defined demand response as “changes in electric usage by end-use 
customers from their normal consumption patterns in response to changes in the price of 
electricity over time, or to incentive payments designed to induce lower electricity use at 
times of high wholesale market prices or when system reliability is jeopardized.” Demand 
response includes all intentional modifications to consumption patterns of electricity of 
induce customers that are intended to alter the timing, level of instantaneous demand, or 
the total electricity consumption. Demand response has existed in various forms for 
decades. Demand response programs fall into incentive based demand response and price 
based demand response which has many subcategories. These demand response 
subcategories are described in the US Federal Energy Regulatory Commission Reports [16] 
1.6.1 Price-based demand response 
Price-based demand response involves using changing prices to induce changes in 
customers’ consumption of electricity.  
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1.6.1.1 Real Time Pricing 
 This is a dynamic tariff which reflects real time costs. Prices offered to customers typically 
vary in either 1 hour or 15 minute blocks, and are either based on day ahead market prices, 
or reflect the true real time market prices for electricity.   
1.6.1.2 Time of Use Pricing 
It is widely offered to all customer types. Customers pay different prices per unit of 
electricity during different blocks of time throughout the day.  Time of Use Pricing is used 
to encourage load shifting to bring about peak clipping and valley filling and produce a 
more desirable load shape.   
1.6.1.3 Critical Peak Pricing  
This type is used to shift or reduce loads during critical peak events. Events are limited in 
number and events typically last a number of hours. Customers receive advance notification 
of an event – often 24 hours’ notice is given but some programs also operate with shorter 
notification periods. Critical Peak Pricing is often used in conjunction with Time of Use 
Pricing tariffs. Significantly increased prices are charged during the peak events, but 
customers are rewarded with reduced on-peak rates at non-event times. The authors of [17] 
have investigated the impact of 15 programs which introduced some form of incentives to 
compensate residential customers for reducing demand which varied considerably based 
on the pricing-based strategy. While time-of-use pricing scheme resulted in 3–6% rate 
reduction, critical-peak pricing achieved higher reductions (13–20%).   
1.6.2 Incentive-based demand response  
Incentive-based demand response consists of payments to customers to incentivise load 
reductions at times of system stress or high electricity prices [16]. The various programs of 
incentive-based demand response are reviewed in [18] and [19].  
1.6.2.1 Direct load control  
Direct load control (DLC) programs refer to programs in which a utility or system operator 
remotely shuts down or cycles a customer’s electrical equipment on short notice to address 
system or local reliability contingencies in exchange for an incentive payment or bill credit. 
Operation of DLC typically occurs during times of system peak demand. For decades, DLC 
has been used on domestic loads such as air conditioners and water heaters, typically to 
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achieve peak reductions in demand. Ripple Control of water heaters has been used in New 
Zealand since 1960s [14].   
1.6.2.2 Interruptible service 
Customers on interruptible service receive a rate discount or bill credit in exchange for 
agreeing to reduce load during system contingencies. If customers do not curtail, they can 
be penalised 
1.6.2.3 Emergency demand response program 
This scheme provides an incentive payment to customers for reducing their loads during 
reliability-triggered events, but curtailment is voluntary. Customers can choose to forgo the 
payment and not curtail when notified. The level of the payment is typically specified 
beforehand.  
In this study, DLC strategy refers to the scheme when the utility or system operator 
remotely controls customer’s appliances on short notice to contribute to system additional 
Instantaneous reserve resulting from the variability of large amount of wind power 
integration. Most of the DLC programs are offered to large commercial and industrial 
customer, and residential demand response is a largely unexploited resource [20]. Improved 
technologies in communication and control provide new opportunities for tapping the 
residential demand response to play a role in meeting some of the challenges emerging 
from higher penetration of variable generation in the power system. 
1.6.3 Residential demand response 
Residential demand response can play an important role in the effort to achieve an efficient 
and reliable power system with high penetration of renewable energy sources [21]. In New 
Zealand, most of the cost effective control methods are targeted towards large industrial 
and commercial loads due to their large consumption of electricity and to the simplicity of 
controlling and interacting with a small number of large consumers by sector.  Figure 1-6 
provides information about the estimated electricity consumption per sector and the 
percentage of consumers. The estimated electricity consumption by sector shows that 
residential loads constitute the highest magnitude of demand (35%) and the highest 
percentage of the number of consumers (85%).  One generally thinks of large industrial and 
commercial facilities as the best candidates for demand response programs because these 
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customers consume large amounts of electricity and, subsequently, are able to curtail a 
substantial amount of power when a demand response event is called.   
 
Estimated Electricity Consumption  
 
Percentage  of Consumers by Sector 
Figure 1-6: Consumers by sector 
However, there are many benefits to using aggregations of small residential loads. First of 
all, small residential loads are more reliable in aggregate than larger loads. As shown in 
Figure 1-7 [15], if there are six generators each providing 100MW with reliability 95% the 
probability for the six to work together is 74%, and the probability for only five generators 
to work together is 97%. On the other hand if there is an aggregation of 1200 small loads 
with 500 KW each and reliability rate 90%, this will give 540 MW but not less than 
520MW. 
 
Figure 1-7: Potential of small aggregated loads [15] 
The small residential loads are also spatially distributed not centred in limited area, and 
thus there is a huge resource potential. At the same time, if loads are to become responsive, 
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the overall satisfaction of consumers should not be affected. The author of [12] listed the 
following characteristics of suitable loads which can participate in providing reserves to 
the power system 
1.6.3.1  Storage  
It is difficult to store power or energy directly. So, any load that has some storage in its 
operation process or if some energy can be injected to it, then it can be a good candidate to 
supply reserves. Thermal storage loads such as building heating/cooling, water heating, 
refrigeration and compressed air, water pumping are best examples of load that can serve 
as instantaneous reserves. 
1.6.3.2 Control capability 
The responsive load must be controllable such that it is able to respond to curtailment 
requests from the utility company. 
1.6.3.3 Notification requirements 
Power system contingency should be diagnosed as soon as possible. Thus, load that requires 
short notification time are best suited for instantaneous reserves. Thermal loads, water 
pumping, air compression can be used as reserves because they generally do not require 
advance notification curtailment. 
1.6.3.4 Response speed 
The load used as contingency reserve must accomplish the given task as soon as it has been 
notified, without wasting anytime. Studies have shown that load response can exceed 
generator response. Thermal loads can provide full response instantaneously. 
1.6.3.5  Size 
The size of each responsive load is small. However, the aggregate size needs to be large 
enough to be useful. Aggregate size is a very important index to offer more reliability 
resource for instantaneous reserve  
1.6.3.6 Minimal cost 
When responsive loads are used as the instantaneous reserve provider, saving is made in 
the investment to build the generator and transmission devices. Moreover, controller and 
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communication device needs to be installed at the load side. When responsive load work 
as instantaneous reserve provider, the price compensation for customer is also considered. 
Therefore, household appliances which are thermostatically controlled represent an 
excellent target for load control due to their ability to store energy in the form of 
temperature. These loads are often controlled by hysteretic thermostats. Those loads can be 
interrupted for limited periods of time without noticed loss of end-use function. Examples 
of household appliances are refrigerators, freezers, and water heaters. These appliances are 
selected also because of their stable power demand throughout the years with very slight 
seasonable variations. One way to implement DLC is through interruptions of appliances 
operation for a short time in a way that does not disturb the consumers’ comfort and which 
require minimal customer’s intervention. This strategy will be investigated in this study to 
quantify the potential of residential demand response gained from controlling refrigerators, 
freezers, and water heaters to balance the fluctuation of wind and contribute towards the 
additional instantaneous reserve at times when large amounts of wind are being integrated 
into the grid.   
1.7 Research objectives and approach 
This study aims to investigate to what extent responsive demand provided from controlling 
household appliances can act as a source of flexibility and provide instantaneous reserve to 
facilitate the integration of wind generation in the New Zealand power system. Household 
appliances including refrigerators, freezers, and water heaters are ideal candidates due to 
their considerable saturation rates and the possibility of instantaneous control [22]. It 
specifically examines the potential for residential responsive loads for electric water 
heaters, freezers, and refrigerators to participate in short timescale energy markets through 
contributing towards the additional instantaneous reserve during three scenarios for wind 
penetration in 2014, 2020, 2030. Then, the potential of the studied residential loads to 
balance the intermittency of wind will be demonstrated on Wellington Region Electrical 
Network. Specifically, this case study will show the extent the responsive residential loads 
in Wellington region can mitigate the variability of the wind power generated from West 
Wind Farm in Wellington during seven selected days during the years 2013-2014. This 
research does not presume to estimate precisely the amount of load available to respond to 
system required instantaneous reserves in 2020, 2030 rather it presents an approximate 
initial calculation of their potential. 
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1.8 Thesis structure 
According to the objectives presented above, the thesis is organised in five chapters.   
Chapter 2 gives a thorough review of the electricity supply system in New Zealand and the 
trends of demand response offered in New Zealand electricity market. Chapter 3 reviews 
the main findings from the state of the art wind integration studies and the impact of wind 
integration upon operating reserve. It also reviews studies which investigated the role of 
demand response to mitigate the variability of wind. Chapter 4 assesses the current level of 
demand responsiveness among domestic loads for certain household appliances and 
evaluates the aggregated effect of these loads and the margin which could be derived from 
them to meet the requirements of the additional instantaneous reserves based on  three 
scenarios for wind penetration in 2014, 2020, 2030.  Then, the potential of the studied 
residential loads to balance the intermittency of wind will be demonstrated by conducting 
a small case study which modelled the extent the responsive residential loads in Wellington 
Region network can mitigate the variability of the wind generated from West wind Farm 
in Wellington. Chapter 5 concludes this work and proposes directions for future work. 
  
17 
CHAPTER 2 NEW ZEALAND'S ELECTRICITY SECTOR 
2.1 Introduction 
This chapter gives a thorough review of the electricity supply system in New Zealand. The 
first section reviews the six distinct components of New Zealand electricity sector: 
generation, transmission, distribution, retail, consumption and regulation. The second part 
reviews a number of DR initiatives and their purposes in New Zealand electricity market. 
The information in this chapter were synthesised from different sources as documented 
below. 
2.2 Electricity industry structure 
2.2.1 Generation 
Generation companies generate electricity at power stations, selling the electricity 
generated via the wholesale market to retailers while physical electricity is injected into 
either transmission lines or distribution lines. In 2013, 41,876 GWh of electricity was 
generated in New Zealand [23]. Numerous companies generate power, but 92% of 
electricity is generated by five companies: Contact Energy, Genesis Energy, Meridian 
Energy, Mighty River Power and Trust Power as shown in Figure 2-1  
 
Figure 2-1: Electricity generation by company 
The electricity generated in 2013 was 53% hydroelectricity, 20% natural gas, 14% 
geothermal, 8% coal and 5% wind [23] as depicted in Figure 2-2. 
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Figure 2-2: Percentage of New Zealand electricity generation from renewables 
In 2013, New Zealand generated 41,876 gigawatt-hours (GWh) of electricity: 24,200 
(GWh) for North Island and 17,676 (GWh) for South Island [4].  Comparing the two main 
islands, nearly all South Island's electricity is generated by hydroelectricity - 98% in 2012 
[4] and the rest is generated by wind power. The North Island meanwhile has various 
sources of generation sources as shown in Figure 2-3.  
 
Figure 2-3: The North Island Generation Mix 2012 
2.2.2 Transmission 
Transpower operates the national transmission grid, which conveys electricity from most 
of the major power stations around the country to local distribution lines [24]. It also 
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conveys electricity directly to major users such as the New Zealand Aluminium Smelter 
[25]. As system operator, Transpower manages the real-time operation of New Zealand's 
power system by keeping the right amount of energy flowing 24 hours a day, 7 days a week. 
New Zealand's national electricity transmission grid connects its generating facilities to its 
demand centres. The grid contains 11,803 kilometres of high-voltage lines and 178 
substations [24]. Electric transmission lines are the high voltage power lines that transport 
power from the generation stations to the key distribution points around the country. The 
backbone of the grid in each island is the network of 220 KV transmission lines. These 
lines connect the larger cities and power users with the major power stations. Lower 
capacity 110 KV, 66 KV and 50 KV transmission lines connect smaller towns and cities 
and smaller power stations, and are connected to the 220 kV core grid through points of 
interconnection at major transmission substations [26]. Transpower commissioned the Pole 
3 upgrade of the High Voltage Direct Current link between the North and South Islands 
during 2013, now with a capacity of 1200 MW. Up to 1000 MW of surplus power generated 
in the South Island can be transmitted to the North Island [23]. Much of New Zealand’s 
electricity is generated from lakes and rivers in the South Island while most of the electricity 
demand is in the North Island, particularly the Auckland region [26]. Transpower ensures 
that its network is capable of transmitting power between the two islands. It works in 
collaboration with electricity generation companies as well as distribution companies. 
2.2.3 Distribution   
Electricity from Transpower's national grid is distributed to local lines companies and large 
industrial users via 180 grid exit points at 147 locations. Large industrial companies, such 
as New Zealand Steel at Glenbrook draw directly from Transpower substations and not the 
local lines companies' local grids [27].  There are 28 distribution companies each serving a 
set geographic area. Distribution of electricity to local consumers is the responsibility of 
one of about 30 local line companies. Each company supplies electricity to a set geographic 
area based on the grid exit points they draw from [27].Wellington Electricity is the 
distribution company in Wellington Region as depicted in Figure 2-4 [28]. 
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Figure 2-4: Wellington transmission schematic [28] 
The local line companies draw electricity from one or more grid exit points at various 
voltages between 11 kV and 110 kV. Some medium-sized industrial consumers draw 
directly from the subtransmission grid, and smaller power stations up to around 60 MW in 
size usually connect to the sub-transmission grid for distribution and connection to the 
national grid. Sub transmission and distribution voltages differ from area to area. Most 
areas use 33 kV sub transmission and 11 kV distributions [25]. Distribution voltage lines 
run from zone substations to the streets of consumers, and to some large local businesses, 
such as supermarkets, schools, large farms. Three phase power is available in all urban and 
most rural areas [27]. Single phase supply utilizing only two phases or single wire earth 
return systems are used in outlying and remote rural areas with light loads.   Distribution 
networks transport power to consumers through a network of overhead wires and 
underground cables. In total, there are over 150,000 km of distribution lines in New 
Zealand. The distribution networks also include substations which convert electricity to 
lower voltages [23]. Almost all consumer premises in New Zealand are connected to a 
distribution network. 
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2.2.4 Retail   
 Retail companies buy electricity from generators and then sell it to consumers. Numerous 
companies’ retail electricity, including many generating companies, but 95 % of the retail 
sector is dominated by five companies: Contact Energy, Genesis Energy, Mercury 
Energy (the retail division of Mighty River Power), Meridian Energy and Trust Power [25]. 
Retailers buy electricity at connection points to the grid and on-sell it to consumers at 
individual customer connection points. The retailer is responsible for the installation of 
appropriate metering, meter reading, billing and payment collection. The retailer pays 
distribution companies for distribution service which includes transmission charges paid 
by distributors to Transpower, and also buys electricity from the wholesale electricity 
market [25]. In most cases, the consumer is billed only by the retailer. Figure 2-5 shows the 
market share of retailers based on monthly numbers of customers at 31 December 2013[24].  
 
Figure 2-5: Monthly retail market share by parent company [23] 
2.2.5 Consumption  
Nearly two million consumers take electricity from the distribution networks or the 
transmission network and buy electricity from retailers for their use [23]. Consumers range 
from typical households, which consume on average 8-9 MWh per year, to the Tiwai 
Point Aluminium Smelter, which consumes 5,400,000 MWh per year [25]. Electricity 
consumers range from large industrial sites down to individual households. Demand for 
electricity varies from moment to moment and supply must change to meet change in 
demand. Consumption follows strong daily and seasonal patterns. At low demand times 
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such as a summer night, total demand may be as low as 2,600 MW, whereas at peak times 
especially during winter evenings, it can exceed 6,500 MW. While electricity use has 
historically been highest on cold winter evenings, some regions now have a summer time 
peak demand as a result of increasing use of farm irrigation and domestic air-conditioning 
[14]. Figure 2-6 shows an average demand profile for a domestic consumer for a 24-hour 
period during winter in New Zealand [14] 
 
Figure 2-6: Daily load profile of residential customers [14] 
Ministry of Business and innovation New Zealand [23] reported that in 2013, New Zealand 
consumed a total of 38,998 GWh of electricity. Residential consumption decreased by 1.7% 
in 2013 to 12,307 GWh . Technological energy efficiency improvements and changes in 
household behaviour could be behind this fall. There were over 1,994,000 connections to 
the national electricity network on in 2012, with 86% being residential connections whose 
electricity consumption constitute 35% as shown in Figure 2-7 
 
Figure 2-7: Electricity consumption by sector for 2013 
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2.2.6 Regulation  
New Zealand's Electricity Authority is responsible for management of the electricity 
industry, while Transpower as System Operator manages the electricity system in real time 
to ensure generation matches demand. Electricity Authority has regulatory oversight of the 
retail and wholesale markets, and transmission contracts [29]. The Authority contracts out 
the services required to run the electricity market.  Electricity is traded at a wholesale level 
in a spot market. The market operation is managed by several service providers under 
agreements with the Electricity Authority. Electricity spot prices can vary significantly 
across trading periods, reflecting factors such as changing demand and supply [29]. Spot 
prices can also vary significantly across locations, reflecting electrical losses and 
constraints on the transmission system. Generators submit offers through a Wholesale 
Information and Trading System. Each offer covers a future half-hour period called a 
trading period and is an offer to generate a specified quantity at that time in return for a 
nominated price [29]. Transpower uses a scheduling, pricing and dispatch (SPD) system to 
rank these offers in order of price, and selects the lowest-cost combination of offers (bids) 
to satisfy demand. The market pricing principle is known as bid-based security-constrained 
economic dispatch with nodal prices. The highest-priced bid offered by a generator required 
to meet demand for a given half-hour sets the spot price for that trading period. During each 
half hour period Transpower publishes a new real-time price every five minutes, and a time-
weighted 30-minute average price. The real-time prices are used by some large direct-
connect consumers to adapt their demand. The final prices are calculated normally noon 
the following day, using the offer prices as established two hours before the trading period 
and volumes as established during the trading period [26]. Differences between forecast, 
dispatch, real-time and final prices can be significant. 
2.3 Summary 
The share of electricity generated from renewable energy sources increased from 72.8% in 
2012 to 75.1% in 2013. This was due to increased hydro and geothermal generation, and 
lower coal generation. On the supply-side, New Zealand generates a bulk of its electricity 
from hydro power. A unique feature of New Zealand hydro is the very low storage ability. 
Variability in rainfall results in variability of the amount of power that can be generated 
from the hydro power. In New Zealand, high electricity demand during the winter months 
coincides sometime with the dry years where generation capacity is limited and this 
increases the advantages of higher integration of wind in the NZ power system. The fact 
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that residential sector consumes more than 35% of electricity and that the residential 
consumption contributes to 50% of peak may highlight the potential of dealing with the 
residential sector to improve system reliability and contribute to maintain balance between 
demand and supply, especially that these big numbers of small residential loads are spatially 
distributed as discussed in the distributing and retailing section. 
2.3.1 Demand response programs in New Zealand 
There are a number of demand response programs which are targeted towards four 
components of the NZ power system: transmission, distribution, retailing, and domestic 
consumption. Most of those demand response programs are incentive based [30].  
2.3.1.1 Transpower demand response initiative  
Transpower has used demand response since the 1990’s to defer transmission investment 
[31]. Transpower most recent incentive-based initiative targets users who have flexible 
demand which facilitates participation by reducing their usage when called upon to do so, 
and receive a payment for their reduction. Two types are available, the first being security 
DR whereby the user is compelled to reduce consumption by a contracted amount when 
called upon to do so [32]. An availability payment is also made. The second type is price 
responsive DR in which the user may voluntarily opt in to a call. For both types the call 
from Transpower is made at least 2.5 hours in advance [33]. Communication is managed 
via the Demand Response Management System between Transpower and the Curtailment 
Service Provider using Alstom’s DRBizNet platform [32]. The Curtailment Service 
Provider may be the consumer or a third party providing service on the consumer’s behalf. 
In July 2013 Transpower announced that it had received a very positive response. Suppliers 
varied from commercial businesses, to larger industrials, and to retailers. Over 200 MW 
was obtained representing about 8% of Upper North Island peak demand. In November 
2013 the Commerce Commission approved expanding Transpower’s demand response 
programme geographically to the whole of country to enable it to be tested throughout New 
Zealand. Transpower ultimately has a target of obtaining 10% of peak national demand 
through demand response [34]. The next target is small to medium size businesses offering 
20 to 200 kW of demand response. This may eventually be extended to households. Alstom 
Grid’s DRBizNet technology aims to target home appliance, such as fridges and freezers. 
This could occur through the introduction of smart appliances such as fridges, freezers, and 
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thermostats which might link to a smart meter communicating with a customer service 
provider [32]. 
2.3.1.2 Interruptible load 
Interruptible load is incentive based demand response strategy and is available for shedding 
or demand reduction to enable the power system to respond to the falling of the largest 
single supply asset by supporting the grid system frequency to avoid cascade failure [35]. 
There are two types of interruptible load according to the time and duration of response. 
The first is fast instantaneous response which arrests frequency fall, and it should be ready 
to shed within 1 second of the grid system frequency falling to or below 49.2 Hz and be 
sustained for at least 60 seconds [36]. The second is sustained instantaneous response which 
restores frequency and must be shed over the first 60 seconds of the grid system frequency 
falling to or below 49.2 Hz and be sustained until instructed by the system operator [36]. 
Interruptible load is shed automatically using frequency controlled relays. The quantity of 
fast response required on hand is calculated by the system operator’s Reserve Management 
Tool. The required quantities of interruptible load are procured in the same way as the 
wholesale energy market. Availability and event payments are charged. An event charge is 
paid by who is responsible for causing the under frequency event [30]. The event charge is 
related to those who pay availability charges. On the demand side, interruptible load is 
provided by industrial and commercial end-users. Usually these end-users will provide their 
interruptible load via an aggregator who is contracted by Transpower to offer interruptible 
load into the reserves market. In return, the end-users receive payments for their 
Interruptible Load. For example, EnerNOC Inc. is an aggregator of interruptible loads 
under its Demand SMART NZ Interruptible Load Programme [37] . In 2012 this offered 
over 120 MW of interruptible load to the instantaneous market in the North Island. It 
secures interruptible load in both North and South Islands for Genesis Energy [38] 
EnerNOC installs a data server at the client’s facility enabling real-time monitoring and 
viewing of energy data. Upon detecting a frequency drop EnerNOC metering automatically 
initiates shedding of nominated load which is notified to the client via SMS or Email. 
Clients receive monthly payments.  
2.3.1.3 Demand response program at the retailer  
Demand response is used by retailers to manage load and therefore influence spot prices in 
an area, particularly if that area is constrained [30]. A retailer may contract with distributors 
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to use ripple control to provide load shifting services for peak periods. This can also include 
locational load shifting between Grid Exit points. System agreements between a retailer 
and distributor may allow load controlling for the retailer’s purposes if the distributor is not 
requiring control for security of its own network. This control affects the customer loads of 
multiple retailers. The interests of these retailers are usually aligned by load controlling. 
Ultimately, Advanced Metering Infrastructure (AMI) will allow a retailer to just control the 
load of its own customers. 
Another significant form of demand response on the retailing level is related to the 
procurement of interruptible loads. The spot energy price is influenced by the availability 
of reserve. Generation plant, or HVDC transmission, may be constrained by a lack of 
reserve. Thus the provision of interruptible loads can help mitigate high prices on a 
retailer’s load, as the spot energy price is influenced by the availability of reserve. 
Furthermore, from the perspective of a generator, sufficient reserve ensures dispatch 
enabling revenue from generation. For example, reserve in the receiving island can 
facilitate transfer on the HVDC link and thereby reduce prices. This creates an incentive 
for generator-retailers to contract for interruptible load. Another strategy used at the 
retailing level is price-based demand response and it requires the installation of smart 
meters to consumers and offer their domestic customers Time of Use (TOU) tariffs. 
Curtailable loads can be utilised to reduce wholesale electricity price spikes in the lower 
North Island. For example, industrial and commercial load in the lower North Island is 
being aggregated by EnerNOC, for Genesis Energy [38]. When the need arises, Genesis 
informs EnerNOC that DR capacity is required. In turn EnerNOC contacts their clients to 
reduce consumption or switch to back-up generation. The notice time is two hours and 
clients have the choice to opt out in a manner similar to Transpower’s price responsive DR. 
EnerNOC installs meters that communicate to its Network Operations Centre. Clients then 
have real time energy monitoring via EnerNOC’s Demand SMART web based portal. 
Notification to clients is via SMS, Email, or phone. Clients receive a capacity payment for 
being enrolled and an energy payment based on the amount of DR delivered. 
2.3.1.4  DR at the distribution level 
Ripple control to shed household hot water heating load has been used for many decades 
in New Zealand. It is a form of incentive based demand response known as Direct Load 
Control [14]. Today it remains the principal DR tool used by distributors. A distribution 
company responds by using ripple control to minimize their portion of their region’s charge. 
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Transpower charges distribution companies for the use of the national grid by including a 
Regional Coincident Peak Demand charge (RCPD) [29]. There are two regions in each 
island. Both upper island regions price on the 12 RCPD peaks in the measurement period, 
while the two lower island regions price on the top 100 RCPD peaks. For instance, Orion 
uses demand response for the purposes of deferring costs, and maintaining compliance with 
their security of supply standard. The use of demand response was an important tool in 
managing the restoration of supply during the 2010-2011 Canterbury earthquakes. 
Metering owners have installed approximately 110,000 smart meters, most of which 
contain inbuilt ripple receivers on the Orion network. Where appropriate, the remainder of 
the 190,000 network connections have standalone ripple receivers. The use of ripple control 
allows a 5-10% reduction of peak demand corresponding to 30-60 MW. Customers with 
loads exceeding 300 kVA are subject to peak demand period pricing. This enables a further 
3% of peak demand reduction. Furthermore, it is estimated that the use of day-night pricing 
options has encouraged approximately 10% of load to be shifted from the daytime peak 
into the overnight. Thus peak demand has been reduced by a total of approximately 20%. 
The transfer of load to the night is so successful that the signalling of night load switching 
is staggered to manage potential night time peaks. In addition, Orion has established a load 
curtailment scheme which provides irrigators with the option of being contracted to be the 
first to be cut-off in an emergency, thereby allowing better security of supply for more 
critical loads such as dairy sheds in an affected area. This demand response scheme uses 
ripple control to operate only irrigator relays. Irrigators are incentivised to participate with 
an interruptibility rebate [30].  
Another DR strategy used at the distribution level is employed by The Lines Company 
(TLC) In order to accurately reflect the cost of supplying capacity [39]. TLC line charges 
are payable by connected consumers, both load and generation, according to the capacity 
each consumer requires and the assets in use to provide that capacity in remote rural 
connections. Demand Charging and Dedicated Asset Charges enable TLC to set prices that 
signal to the consumer the relative cost of reliable supply to their installation [39]. TLC has 
introduced a charging component based on the uncontrolled kW load of a customer during 
periods of load controlling. To better facilitate this approach, TLC is gradually rolling out 
its own advanced metering. For customers with this metering, the six highest two hour 
peaks in the measurement period when TLC is load controlling are averaged to determine 
a base variable capacity and associated charge. TLC have also introduced direct billing of 
line charges to consumers, and considers this approach more effective than using traditional 
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retailer channels. The resulting separation of billing of line charges and of retailer energy 
charges should provide greater transparency of electricity pricing for consumers. TLC has 
an ageing network. The DR resulting from capacity pricing should also allow TLC to focus 
on renewing ageing assets to enhance security rather than having to use resources to 
increase network capacity.  
 Another company called Vector has launched an initiative offering installation of Photo-
Voltaic (PV) panels combined with battery storage for domestic customers [40]. The 
installation includes a 12.3 kWh Lithium ion battery pack, inverter, and control unit with a 
choice of 3, 4, or 5 kW capacity PV panels. The inclusion of battery storage enhances the 
benefits of PV which include: supply security, power quality management, mitigating the 
potential charging impact of electric vehicles on the network, and operation as a peak power 
supply. Distributed battery storage allows batteries to be charged at night, and then be used 
by the distributor to load shift power back into the network at peak times.   
2.3.1.5 Demand Response for domestic consumers 
Historically, DR operating in the NZ home has been limited to distributor’s ripple control 
of hot-water and the homeowner’s manual response to the retailer’s traditional tariffs such 
as day/night rates [30]. NZ’s use of ripple control is already wide-spread and provides a 
substantial benefit. The introduction of Home Energy Management Systems which refers 
to any product or service that monitors, controls, or analyses energy in the home has great 
potential to introduce more demand response strategies to the domestic sector. Home 
Energy Management Systems (HEMS) includes smart-meters, residential utility DR 
programs, home automation services, data analysis and visualization, auditing, and related 
security services. Utilities, customers and third-party vendors look to find the right balance 
between energy reduction, cost and customer satisfaction. In the US HEMS markets, there 
are utility and non-utility solutions [41]. Utility solutions include both the utility and the 
thousands of homes enrolled in the HEMS program. The utility benefits greatly from these 
services, and usually also has to pay for the entire solution [41]. Non-utility solutions focus 
solely on the home customer and integrate various smart-home services, which fall under 
the broad definition of HEMS mentioned above. The detailed economic analysis used for 
utility customers is replaced with a smart marketing campaign targeting the needs of 
homeowners vendors often enter the home with a security solution and then offer HEMS 
as an add-on sale. Homeowners can purchase the HEMS hardware in the mid-hundreds to 
low-thousands range, and pay between $15 and $60 per month for energy management, 
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automation and security services. In the technical components of a HEMS system are listed 
as comprising of sensing devices, measuring devices, smart appliances, enabling ICT, and 
energy management systems [42]. Challenges to implementation are summarized as cost, 
lack of standards, low consumer awareness or interest, choice of ICT, and degree of system 
intelligence. With more developments in the HEMS systems, it is hoped that responsive 
loads in the residential sectors in New Zealand will be an active role in providing flexible 
demand to contribute towards balancing wind power and providing system reserves. 
2.4 Summary 
Many forms of demand response, both incentive and price based, have been identified 
operating at all levels of the electricity structure in New Zealand These demand response 
strategies provides many benefits to the power system in New Zealand including deferral 
of asset investment, reduced environmental impact, improved security of supply, and better 
integration of variable renewable generation [30]. DR from residential sector seems to be 
an untapped resource which may have huge potential especially with the latest 
technological development in ICT with increasing penetration of wind power in New 
Zealand, the amount and cost of reserves will increase in the future. A possible alternative 
is utilizing residential responsive loads to balance wind fluctuation and to provide operating 
reserve. This study assesses the potential of suitable loads of household appliances 
including refrigerators, freezers, and water heaters to provide instantaneous reserve and 
mitigate the demand-generation imbalance resulting from wind variability. 
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CHAPTER 3 LITERATURE REVIEW OF WIND 
INTEGRATION STUDIES 
3.1 Introduction 
One of the fastest developing renewable energy resources in most power systems around 
the world, including New Zealand, is wind power. Due to the variable and to the uncertain 
nature of wind, the impact of wind power generation on electric systems is an area of 
interest in the electric utility industry.  Issues associated with the integration of wind power 
into power system have been characterized as either engineering issues, operational issues 
or planning issues [43]. Engineering issues include harmonics, reactive power supply and 
voltage regulation, frequency control, fault level, island operation. Operational issues 
include the effect of variable renewable energy on (conventional) networks, operating 
reserve requirements, unit commitment and economic dispatch. Planning issues concern 
the appropriate modelling and evaluation of intermittent wind resources compared to 
conventional resources. The first section of this chapter reviews the state of the art wind 
power integration studies and the impact of wind integration on power system operations 
in the future. There will be a special reference to the additional operating reserves needed 
to balance the fluctuation of wind to maintain system reliability and flexibility. The second 
section reports on studies about utilising demand response as a resource to facilitate wind 
integration by mitigating the variability of wind, and thus enhance power system reliability. 
3.2 Wind integration studies review  
Wind generation may require system operators to carry additional operating reserves. This 
section reviews published studies about European and US power systems and wind power 
integration. In Europe, according to its function, operating reserve is divided into primary 
control reserve, secondary control reserve, and tertiary control reserve [44]. Primary control 
reserve is activated within seconds, while secondary control reserve is activated within 
minutes. Tertiary control reserve implies changes in generation or load on a contractual, 
market or regulatory basis, activated for a period of time, e.g. 15 minutes. The first study 
to be reviewed about wind integration focuses on the Nordic countries. Estimate for the 
operating reserve requirement due to wind power in the Nordic countries is reported in [45]. 
The reserve requirement for the system, due to wind power, was determined by combining 
the wind power variation with varying electricity consumption. The increase in reserve 
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requirement is mostly seen on the 15 minutes to 1 hour time scale. The operating reserves 
in the Nordic countries should be increased by an amount corresponding to about 2 % of 
wind power capacity when wind power produces 10 % of yearly gross demand and 4 % 
when wind power produces 20 % of yearly gross demand. Simulations of increasing wind 
power in the Nordic electricity system show that wind power would mainly replace coal 
fired production and increase transmission between the areas within the Nordic countries 
and from Nordic countries to Central Europe. In the Nordic countries, the analyses of three 
years of hourly wind generation data together with the earlier studies show that the capacity 
credit of wind power is close to the average power produced. Wind power can contribute 
to power system adequacy 
In Ireland, the All Island Grid Study was published in 2008 and examined the Irish system’s 
ability to integrate various penetrations of wind generation [46]. Ireland is an island system 
with one 400-MW interconnector in operation and a 500-MW interconnector under 
construction. Six plant portfolios were examined to meet the load forecasted for 2020. 
Portfolio 1 contains 2 GW of wind; portfolios 2, 3 and 4 contain 4 GW of wind; portfolio 
5 contained 6 GW; and portfolio 6 contained 8 GW of wind generation. The study 
incorporated a refined implementation for spinning and replacement reserves. The 
definition of a unit capable of meeting the replacement reserve standard was an off-line 
unit with a start-up time of less than 60 minutes and online units whose capacity was not 
allocated to the spinning reserve requirement. The requirements for spinning and 
replacement reserve were based on a mixture of existing and proven requirements and 
newer techniques for the provision of reserve for wind generators. Spinning reserve demand 
is calculated as being the size of the largest online unit plus an additional demand for wind 
generation. Reserve is allocated in such a way as to keep the average risk of having a load 
shedding incident in each hour the same for all hours of a year and includes the effect of 
generator outages and load and wind forecast errors. System modelling for the year 2020 
assumed that 100 MW of spinning reserve can be obtained through interconnection. 
Another 50 MW of reserve is assumed to be provided from interruptible contract loads. Of 
the remainder, a constraint of a maximum of 50% of reserve demand can be provided by 
pumped storage. Instantaneous reserve is required more frequently as the amount of wind 
increases in the portfolio, significantly so in portfolio 6. The variable generation requires 
extra instantaneous reserve as well as the loss of the largest conventional unit.  
In Germany, the most prominent integration study is the DENA study [47] which looked 
into a scenario whereby there would be 15% wind energy penetration expected by 2015 (34 
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GW). The forecast errors for wind energy give rise to an additional requirement for 
regulating and reserve power capacity to guarantee the balance between infeeds and loads 
at all times. In the calculation of the reserve requirements, the probability distribution of 
the forecast errors of the wind power infeeds as well as those of the forecast errors of the 
load demand were considered. Despite an assumed improvement in the predictability for 
wind energy, the required regulating and reserve power capacity increases 
disproportionately as the installed wind capacity increases. The wind-related regulating 
reserve and power capacity requirement depends on the level of the predicted wind infeed, 
The regulating and reserve power capacity required for the following day can be determined 
in dependency on the forecasted wind infeed level. This provides an average day ahead 
regulating and reserve power capacity. For 2015, additional maximum 7,064 MW of 
positive regulating and reserve power capacity is needed, of which on average 3,227 MW 
has to be contracted day ahead. In 2003, the corresponding values were 2,077 MW 
maximum and 1,178 MW on average. Additional maximum 5,480 MW of negative 
regulating and reserve power capacity is needed.  
 The author of [48] describes Manitoba hydro's plans to incorporate wind power over the 
next 20 years and the associated wind integration costs. Additional reserves are required 
because of wind volatility and wind generation forecast error. Reductions in wind 
generation are of the most concern because other generation must be increased to counter 
balance the shortfall in wind generation. The wind integration impacts and related costs 
were studied over low, medium, and high water supply conditions. Manitoba hydro is in a 
unique position that it can with its hydro system enhance the value of intermittent wind 
power by shaping and firming it into a firm product. Wind power impact with a penetration 
level of 23 % of installed capacity or 15 % or yearly production was calculated to be up to 
3.44 MW on frequency-controlled reserves covering 99% of variations and up to 226 MW 
on fast and slow reserves. This reflects that the longer the time horizon is the larger the 
increase in reserve requirements will be. 
Impact of wind generation on the operation and development of the UK electricity systems 
has been studied by [49]. In order to deal with unpredicted variations in demand and 
generation, the system operator requires appropriate automatic response, to neutralise rapid 
variations from a few seconds to a few minutes, and reserves to deal with slow variations 
over time horizons from several minutes to several hours. On average, the UK system 
operator commits about 600MW of dynamic frequency control, while about 2400MW of 
various types of reserve is required to manage the uncertainty over time horizons of the 
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order of 3 to 4 hours. These values could be significantly changed in the future with increase 
in wind penetration levels considering that wind generation is both variable and 
unpredictable. The reserve requirements are driven by the assumption that time horizons 
larger than 4 hours will be managed by starting up additional units, which should be within 
the dynamic capabilities of gas fired technologies.  The increase in demand for continuous 
frequency regulation was found to be relatively small for modest increases in wind power 
connected. However, at high wind penetrations the reserve levels equivalent to 25 % of 
wind installed capacity will cover even the extreme variations in wind output. 
In the United States., the first two major wind power integration studies were performed in 
the states of New York [50] and Minnesota [51]. In New York, the study evaluated 3,300 
MW of wind power on the 33,000 MW peak load NYISO system. The study concluded 
that an additional 36 MW of regulating reserve was required on top of the current 175 - 250 
MW procured today. This is a result of analysing the standard deviation of 6-second 
changes in load net of wind compared with that of load alone. The standard deviation with 
wind increased from 71 MW to 83 MW, presenting a 12 MW increase. The total standard 
deviation is multiplied by three to ensure that the total regulation requirement is sufficient 
to cover 99.7% of all instances, thus giving the 36 MW increase. In Minnesota [51]., the 
study evaluated 15%, 20%, and 25% wind power as a percentage of total annual demand 
(3441 MW, 4582 MW, and 5688 MW of wind on a system with a peak demand of roughly 
20,000 MW). High penetration of wind in the system will require frequent switching of 
generators, allocation of more ramping capability to account for wind variability, and more 
regulation capacity. All of these services are associated with additional costs.  
In the literature, many studies assess the impacts of wind in terms of the increased cost of 
managing the system with significant wind generation. The authors of [52] reported and 
commented on studies conducted by utilities in the U.S. They states that the main concern 
of these studies is the impacts of wind on power system operation and the associated 
integration cost. The main approach of these researches is by starting with the physical 
behaviour of the system without wind, and then discussing how that physical behaviour is 
affected by wind power. In these studies, the impacts of wind on conventional generation 
are usually analysed over three key time frames that correspond to system operation. The 
first is the regulation time frame from seconds to minutes. The second is the load following 
time frame from 10 minutes to few hours, which is mostly relevant to ramping capability 
of power system. The third is the scheduling of unit commitment time frame which can 
range from several hours to a few days. This period is for planning the required quantity of 
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generation and load following capability. Wind integration studies are performed on these 
time frames with wind capacity penetration of 3%-20%.  At these wind penetration levels, 
the impact on regulation and load following appear to be modest in no more than 
0.2$/MWh, and the unit commitment time scale appears to be more prominent which may 
cost up to 6.57$/MWh. In the California ISO 2007 wind integration report [53], the 
California ISO estimates that the target of California to reach a renewable integration level 
of 20% can increase load following capacity requirements up to 3470 MW, and ramping-
up and ramping-down requirements by up to 40 MW/min for up to 20 min, compared to 
their current levels. 
 The Eastern Wind Integration and Transmission Study (EWITS) evaluated the operational 
impacts of various wind penetrations, locations, and transmission build-out options for 
most of the U.S. Eastern Interconnection [54]. The study included three scenarios of 20% 
wind energy with each representing different primary locations of the wind, and one 30% 
wind energy scenario. High penetrations of wind generation ranging from 20% to 30% of 
the electrical energy requirements of the Eastern Interconnection are technically feasible 
with significant expansion of the transmission infrastructure. New transmission will be 
required for all the future wind scenarios in the Eastern Interconnection. Without 
transmission enhancements, substantial curtailment of wind generation would be required 
for all the 20% scenarios.   Transmission helps reduce the impacts of the variability of the 
wind, which reduces wind integration costs, increases reliability of the electrical grid, and 
helps make more efficient use of the available generation resources.  
3.2.1 Conclusions of Wind Integration Studies 
Although different wind integration studies categorise the impacts of wind from 
different aspects, there is considerable consistency between their results and 
insights. These wind impacts can be classified according to the time scales in which 
they are involved as summarised in  
 
 
 
 
 
 
 
 
 
Table 3-1 
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Table 3-1: Summary of wind integration studies 
Time scale Domain Elements affected 
Requirement 
to mitigate impacts 
Milliseconds 
to seconds  
Wind plant 
interconnection  
Dynamic stability  Better design of wind 
plant  
Seconds to 
minutes  
Regulation  Primary regulation  Improve Participation of 
wind farms  
Minutes to 
hours  
Load following  Ramping rate  Increase ramping 
capability  
Hours to days  Generation  
scheduling;  
  
Day-ahead 
market  
Generation pattern of 
conventional generation; 
Transmission and 
distribution efficiency; 
Wind utilisation  
Increase spinning and 
standing reserve; 
Improve forecasting; 
Efficient market design; 
Possibility of  
curtailing wind  
Years  Expansion 
planning  
Generation adequacy; 
Flexibility adequacy; 
Transmission adequacy  
Optimise generation 
mix; Increase 
transmission investment  
 
In conclusion, large volumes of wind generation bring extra generation, uncertainty and 
variability to the original power system. The increase in reserve requirement is mostly 
estimated by statistical methods combining the variability or forecast errors of wind power 
to that of load and investigating the increase in the largest variations seen by the system. In 
order to handle these changes and accommodate wind generation effectively, sufficient 
reserve and ramping capability are required. As mentioned in Chapter 1, operating reserve 
to maintain power system flexibility can be provided from various resources: flexible 
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generation, demand side management, storage, and interconnections. An important issue is 
that increase in reserve requirements does not necessarily mean need of new investments.    
3.3 Demand response studies  
By increasing the penetration of renewables in power systems, demand side participation 
become more important. In order to meet these demand peaks, utilities usually resort to 
increasing generation capacity and distribution assets by building new power plants, and 
installing larger transformers, transmission lines, and distribution cables. Such changes 
require expensive investments, and the operational costs of peaking power plants are very 
expensive. Instead of trying to increase generation, transmission, and distribution capacity, 
demand response programs try to mitigate demand in various ways [15]. Demand response 
has been actively considered for power balancing. Participation of demand response can be 
achieved by active consumer participation in real-time to maintain balance between 
generation and demand with two-way communication [33]. It is well known that DR 
increases system reliability and flexibility to manage the variability and uncertainty of some 
renewable energy resources, decreases the cost of operation, and enhances system 
efficiency. Furthermore, the authors of [55] found out that more frequent and short 
switching on and off of suitable residential loads are more acceptable than infrequent and 
long curtailment. As stated previously, in electric systems reserve must be available at very 
short notice and availability must be given during a certain time span; therefore, an 
appropriate way for residential loads to fulfil these requirements is by employing direct 
load control.  
 The author in [56] analysed different household appliances and their potential to delay 
their load consumption. He concludes that 5% to 20% of these devices would use a delay 
option in the future.  There is no standardized methodology to calculate demand response 
potentials. Many known publications focus on a certain amount of power that can be 
blocked for a given period of time. Values for demand response potentials in different 
studies are highly diverse due to their dependency upon the considered country, the time of 
day, the season, and the way that the influence on the load is implemented. The possible 
duration of the load modification is often stated as a measure for the available energy that 
can be shifted over time. The authors of [57] shows the benefits of applying time-of-use 
and real-time-pricing in a small domestic test system in Ireland, where wind generation is 
becoming more important. Ireland aims to source 40% of its electricity needs from 
renewable energies by 2025, 86% of which will be supplied by wind power. Authors in 
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[58] proposed a methodology for the generation of demand side offers in large customer 
facilities and a real application to a university customer in Spain. They found that demands 
can offer ancillary reserves without problems under normal as well as contingency 
situations. Authors in [59] analysed the process of getting reserve from demand in the New 
England market. They found out that demand is able to provide reserves within 30 minutes, 
some within 10 minutes. Thus, some demands overfulfill the requirements set for thermal 
generators. Other works confirm the ability of demands to react faster than many quick start 
units do. The work of [60] analyses the reactions of air conditioning in a hotel complex. 
Many of the analysed demands were capable of numerous shorts and as well to less frequent 
prolonged curtailments. The authors of [61] showed that using air‐conditioning load control 
as rotating reserve, instead of peak management programs, can triple load reduction. We 
suggest that the full air‐conditioning load can be completely interrupted during a major grid 
event. Although air conditioners are not available to supply reserve year round, their 
availability highly correlates with grid demands. This study shows a close correlation 
between errors in short term energy demand and the contingency reserve because when air 
conditioning loads increase, the need for available reserve increase and this illustrates the 
advantage in using air conditioners to supply contingency reserve. If the current demand 
forecast is in error and underestimates the current load, the grid operator must commission 
additional power plants to handle the load. By using air‐conditioners instead of generation 
to provide reserve, generation can be saved for electricity supply rather than for providing 
ancillary services.  Air‐conditioners motor compressors can be interrupted for several 
minutes without affecting the services provided. 
The potential of air conditioners is supported by [61] who showed that existing utility load-
management assets can provide spinning reserve to main power system reliability from air 
conditioners. In the first phase of this demonstration project, the research target marketed  
Using aggregated demand-side resources to provide spinning reserve as demonstrated in 
this project will give grid operators at the California Independent System Operator and 
Southern California Edison a powerful new tool to improve reliability, prevent rolling 
blackouts, and lower grid operating costs. Southern California Edison air-conditioning 
load-cycling program, called the Summer Discount Plan to customers on a single Southern 
California Edison distribution feeder and developed an external website with real-time 
telemetry for the aggregated loads on this feeder and conducted a large number of short-
duration curtailments of participating customers' air-conditioning units to simulate 
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provision of spinning reserve. In the second phase, they conducted load curtailments within 
four geographically distinct feeders to determine the transferability of target marketing 
approaches and better understand the performance of Southern California Edison load 
management dispatch system as well as variations in the air conditioners’ use of Southern 
California Edison's participating customers; The major findings from the second phase of 
this demonstration are that demand response resources can provide full response 
significantly faster than required by power system reliability rules. Authors in [61] state 
that technically it may be more attractive for some loads to provide contingency reserve 
rather than peak reduction as this may be needed for various hours per day and various days 
in a row. In contrast, during a contingency, reserves may be needed only during a short 
time span until other reserves become operative. Authors in [62] analysed how direct load 
control can be used to give spinning reserve during a contingency. They performed a 
contingency analysis, selected the most severe cases, calculated with an economic model 
the amount of demand participation in direct load control and confirmed via simulation the 
economic and reliability benefits of demand giving reserve. 
The author of [8] commented that an additional potential of reserve power could be made 
available from household customers, if a communication system is developed, which 
allows to control the domestic appliances. [20] reported that the control of fridges and 
freezers has a potential of maximum 3 GW positive and negative balancing power. If 
washing machines tumble dryers and dishwashers are included, the potential would 
increase to 7 GW during daytime. This however, would require a clear change in user 
behaviour. The study by [63] estimated the potential contribution of smart household 
electrical appliances to balancing European electricity grids. The study included the 
following appliances: air conditioners, circulation pumps for heating, dishwashers, thermal 
accumulators, freezers, refrigerators, ovens, stoves, dryers, electric water heaters and 
washing machines. First, the study compiled information on the hourly use profile and 
operating procedures of these devices through Europe, using studies and available data. 
According to the average daily profile, electricity demand at minimum load is, at most, 
between 200 and 850 W. Afterward, the equipment was sorted by two management 
approaches: change in start‐up time (smart timing of appliance cycles) and temporary 
interruption (interruptions of appliance cycles). In the first case, the user sets both the start‐
up time and the latest time at which the operation must be finished. Washer and dryer use 
can be postponed by 3 to 6 hours, dishwashers from 3 to 8 hours, and refrigerators/freezers 
from 15 to 30 minutes and other appliances from 15 minutes to one hour.  
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In the second case, for some electrical appliances, the cycle can be temporarily interrupted 
for a certain length of time and under certain conditions. However, this is not suitable for 
all appliances. Washing machines could be interrupted for 15 minutes, dryers for 30 
minutes, dishwashers for 15 minutes, refrigerator / freezer for 15 minutes and other 
appliances for 5 minutes. Every appliance was qualitatively evaluated with four criteria: 
appliance power, availability, flexibility of load to be shifted and customer acceptance. 
These results were applied according to a grouping of five European regions, consisting of 
countries exchanging electricity generation and balancing service between them. A flexible 
capacity was estimated between 100 kW and 150 kW for 1000 residential customers (100 
W to 150 W per customer).  
Using these appliances could reduce fossil fuel demand for European grids by 4.5%, 
Customers accept the idea of delaying use of dishwashers for long periods. However, these 
appliances are not widely available; Cold‐generating appliances, such as refrigerators and 
freezers, can be fully automated. Washing machines and dryers are interesting options, but 
require more user interaction. Utilising this potential will contribute to reduce the balancing 
potential of wind power. 
The study by [64] is part of the Project Power Shift Atlantic project. Researchers at 
University of New Brunswick developed a platform for aggregation and management of 
electric water heaters in order to supply ancillary services. Because of their thermal storage 
capacity, water heaters have the capacity for up‐regulation or down‐regulation when 
integrated with a virtual power plant. The aggregated water heater loads are distributed to 
supply ancillary services or reduce peak load with no effect on the customer consumption 
profile. The thermal status of every water heater is estimated using available data from 
smart electricity metres and other sensors. A smart meter measures the power demand of a 
residence; the smart grid communications infrastructures sends the information to the 
model unit, which extracts the power consumption of each water heater, its water usage and 
internal temperature, based on thermal models of each heater. The load forecast unit 
estimates future consumption for every water heater, using the water usage profile model 
and applying the thermal model on power measurement during the forecast window. A 
multi‐agent control system adds the consumed power of several water heaters to calculate 
demand forecast available capacity for ancillary services. 
The authors of estimated the potential of using water heaters to supply regulation service 
to power grids. In this study, the authors characterized the thermal behaviour of a typical 
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water heater, the water usage profile and monitoring of a typical control population. With 
this model, they developed a direct control for the bottom element of the heater. According 
to the developed algorithm, each water heater receives a set point every minute. The 
conclusion of their study is that, according to the proposed approach, approximately 33,000 
water heaters are needed to provide a 2‐MW regulation service 24 hours a day. However, 
if water heaters only provide regulation from 6:00 to 24:00, approximately 20,000 will be 
needed. 
An analysis by the authors of [65] shows the environmental and economic value of using 
water heaters to balance renewable energy. The authors used wind generation and market 
data to analyse balancing needs and determine the potential for load usage. They compared 
the consumption curves for interactive water heaters with market price data. In this study, 
a 400 litre water heater represents the equivalent of a 26 kWh battery. The analysis 
concludes that it is possible to reduce the operating cost of a water heater by 50% using 
electricity only off‐peak and only when there is wind production. According to this 
hypothesis, 25% of the energy consumed for heating water would be simultaneous with 
wind generation could come exclusively from wind generation. 
 The authot of [20] reported that a detailed investigation of demand response potentials in 
Germany is given, stating a year-round flexible load potential of about 3 GW in the 
industry, 3 GW in the commercial sector, and 4 GW in the residential sector, which sums 
up to about 13% of the yearly maximum load. Additionally, seasonal potentials of 5 GW 
of air conditioning load and up to 18 GW of shiftable electric heating load are mentioned. 
The authors of [66] have evaluated that the demand response potential in Germany could 
be more than 30 GW, although a major portion totalling 20 GW would not be available 
outside the heating season.   Demand response would enable the system to cost-effectively 
balance 48 GW of wind power in the system. [67] has analysed possibilities for demand 
side management in the household sector. His analysis concentrates on ventilation systems, 
refrigeration and water heating. He concludes that storing heat in different applications 
offers a large potential for integrating variable renewables. However, the results lack an 
economic component. 
 [68] have analysed how domestic hot water heating cylinders could offer demand response 
for price changes anticipated in the electricity market. This was inspected in relation to the 
anticipated significant wind power penetration in Ireland.  The authors of [69] presented a 
case using the IEEE standard 30-bus test system. Two wind farms are connected to the 
system and the effects of multi-tariff rates and demand response are investigated. Demand 
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response is assumed to respond to variations in wind power output, and it appears to offer 
significant savings in the system operation to increase the value of wind power. The author 
of [70] demonstrated the effects of the response by millions of household refrigerators and 
freezers to frequency signals. He found out that these residential loads are able to keep the 
system frequency more stable than a conventional spinning reserve. The effect is especially 
pronounced with higher shares of wind generation. The author of [71] shows that a 
population of thermostatically controlled loads can be managed to serve as virtual storage 
to follow generation variability in renewable electricity generators or variation in demand 
from other loads. His study focused on how small thermostat set point manipulations can 
turn on and off only the thermostatically controlled loads nearing the upper or lower limits 
of temperature set points. The 1‐minute actual wind power data was collected by the 
National Renewable Energy Laboratory. It was found out that regulation service can be 
provided to offset supply or demand changes without compromising the comfort level of 
end users. In the simulation, controlling 60,000 air conditioners supplied the energy and 
power equivalent to 0.5 kWh.  In the case study, approximately each MW of wind power 
required a 3.4 MW to balance in order to reduce error between the forecast and actual 
demand to its minimum. During the simulations, the maximum deviation of the temperature 
set point never exceeded 0.1 C°, suggesting that this type of management would not 
compromise customer comfort. Changes can be small and still yield large aggregate 
changes in short-term demand. The method is tested to smooth short timescale fluctuations 
of a single wind farm. Similarly, the current study focus on investigating the potential of 
utilising refrigerators, freezers and water heater to contribute towards additional 
instantaneous reserve resulting from higher penetration of wind in the New Zealand Power 
system. It will also demonstrate the potential of these loads to offset and balance the 
fluctuations in wind power. 
The authors of [72] have demonstrated and applied an advanced and theoretically stable 
stochastic control algorithm in order to simulate and assess the dynamic behaviour of 
domestic appliances contributing to primary frequency regulation using controllable 
domestic refrigerators. Simulations have been performed for a wide range of representative 
system conditions, resulting in a calculated value for the response contribution of a single 
appliance. The contribution of responsive demand to supporting frequency regulation has 
been used as input in a large-scale scheduling model, which, in addition to energy 
scheduling, incorporates frequency response requirements, while considering response 
contributions from conventional generators, wind generators and demand response. The 
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results indicate that dynamic demand has the potential to generate considerable operating 
cost savings and carbon emission reductions in future systems. 
3.4 Summary 
The electricity markets are making a number of adjustments in order to integrate renewable 
energies. Indeed, variable production creates certain integration problems, which require 
increased levels of operating reserves. Furthermore, it is critical that these reserves have 
dynamic characteristics, which can support and encounter generation variability. While 
large power networks have countered capacity problems with increased production, 
demand response can be utilised to contribute to grid security and reliability. In this study, 
the main drivers for assessing the responsiveness of demand response are the need to 
compensate for the additional instantaneous reserve brought about by wind intermittency, 
and this provide an initial analysis of the flexibility potential available on the residential 
responsive loads. 
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CHAPTER 4 INTEGRATING RESIDENTIAL DEMAND 
RESPONSE WITH WIND POWER 
4.1 Introduction 
The purpose of this study is to assess the current level of residential demand responsiveness 
among household appliances and their potential to contribute towards additional 
instantaneous reserve to balance the fluctuation of wind when higher rates of wind power 
are integrated in the NZ power system. This study first modelled the load profiles of 
refrigerators, freezers, and water heaters and statistically assessed the potential of 
controlling these residential loads using direct load control strategies to contribute towards 
the additional instantaneous reserve in the years 2014, 2020 and 2030. This was followed 
by conducting a scenario-based simulation study to showcase how the selected responsive 
loads in Wellington Region can contribute to balance the fluctuation of wind power 
generated by The West Wind wind farm during selected days in the years 2013-2014.   
4.2 Methodology of Modelling Residential Load  
As mentioned above, the purpose of this study is to assess the current level of demand 
responsiveness among domestic loads. Household appliances such as refrigerators, 
freezers, and water heaters generally can store energy due to their thermal mass. Thus, the 
service provided to the customer will not be affected when these loads are controlled by 
modifying their temperature set point by turning them on or off in advance or interrupting 
them for a short time. In order to assess the potential of controlling the loads of these 
household appliances, detailed consumption details of end users are required. There is no 
available data about load profiles of individual household appliances in New Zealand but 
rather the data consists of aggregated consumption.  The first step was to develop load 
profiles for these household appliances which when combined represent approximately 
50% of the total residential load in New Zealand as shown in 
Figure 4-1.  
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Figure 4-1: Residential electricity consumption 
 [73], [74], [75], [76], and [77] were the main data sources which have been used to build 
up the load curves for these appliances. 
 The equations used to generate the load profiles of these appliances were adopted from 
[73]. The theoretical background of the analysis in this chapter mainly focuses on three 
variables: the load curve per appliance and operation (P) describing the typical power taken 
by an average appliance of this type per day or per operation, the probability of operation 
(α) and the number of the appliances of each type (β) in Wellington Region. It considers   
the specific penetration rates β k of each appliance type in Wellington region, thus leading 
to the typical load curve for one average household 𝑷𝒌(𝒕). Altogether they define the 
average power demand for those appliances considered in this analysis, called the load 
curve P(t).  
The first step was to develop load profiles for the refrigerator, freezer, and water heater 
(type 𝒊) assuming this appliance is started at any time 𝒋 during the 24 hours of a day in 15 
minutes  (𝒋 = 𝟐𝟒(𝒉𝒐𝒖𝒓𝒔) ∗ 𝟒(
𝟏
𝟒
𝒑𝒆𝒓 𝒉𝒐𝒖𝒓) = 𝟗𝟔) intervals as represented in 
Equation 4-1 where  
𝑷𝒊(𝒕) = ∑ 𝜶𝒊(𝒕)𝑷𝒊𝒋(𝒕)
𝟗𝟔
𝒋=𝟏
  Equation 4-1   
Next, the average household power demand per appliance over the time of the day 𝑃𝑘(𝑡) 
is then calculated by summing up the average power demand curves during the day of 
refrigerators, freezers, and water heaters by their ownership rate in New Zealand [74], using 
Equation 4-2 
𝑷𝒌(𝒕) = ∑ 𝜷𝒊𝒌 𝑷𝒊(𝒕)
𝒏
𝒊=𝟏
  Equation 4-2     
Space Heating
12%
Water heating
34%
Refrigeration
15%
Lighting
12%
Miscelaneous
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Then, the aggregate load curves for refrigerators, freezers, and water heaters are built up 
using the following equation where K refers to the number of households in New Zealand 
[76]. 
𝑷(𝒕) = 𝒌 𝑷𝒌(𝒕) Equation 4-3         
Finally, the residential resource available for direct load control from refrigerators, freezers, 
and water heaters was estimated for each hour throughout the day considering an aggregate 
load reduction with a fifteen minute maximum interruption time for each appliance. 
4.3 Findings  
4.3.1 Refrigerators 
Refrigeration accounts for approximately 15% of the residential load in New Zealand [78]. 
Refrigerators including fridge-freezers and freezers have been modelled. Due to high 
penetration which is estimated to be 1.8 per household (0.68 for freezers and 1.31 for 
refrigerators) [74], the aggregate potential for these appliances is substantial. A main 
feature which makes refrigerators a strong candidate for direct load control demand 
response programs is that they have a stable aggregate load profile throughout the day 
regardless of the small variations resulting from changes in the ambient temperature in 
summer and winter and the frequency of door openings which increases in the evening 
around dinner time. Due to the thermal storage of the chilled contents, short interruptions 
in the power supply of refrigerators should not affect the service provided. Authors of [79] 
commented that fridge-freezers which compose the base load in the domestic sector have 
the potential of becoming responsive since interruptions of up to nearly two hours may not 
jeopardize the service provided by fridge-freezers. Refrigerators cycle on and off, 
according to thermostat set points between maximum and minimum temperatures. Once 
the internal temperature reaches the maximum temperature set point, the compressor starts 
and the refrigerator starts to cool. Once the refrigerator’s internal temperature reaches the 
minimum required temperature set point, the compressor stops and the cycle then repeats. 
As shown in Figure 4-2, refrigerators were modelled as duty cycle. Duty cycles refers to 
the time when the refrigerator uses energy with a constant power demand of 0 W~/140 W 
in an active time of 15 minutes [73], and a period of inactivity for 45 minutes. The 
compressors’ start-up probabilities were assumed to be evenly distributed during the day, 
which results in a constant aggregate power demand from refrigerators.  
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Figure 4-2: Duty cycle of refrigerators and freezers 
Equation 4-1 above was used to calculate the average household power demand of 
refrigerators and freezers over the time of the day by summing up the average power 
demand curves during the day. The daily load curve of a refrigerator is between 40W and 
50W and between 50 W and 60 W for the freezers as shown in Figure 4-3. These loads 
remain reasonably stable over the 24 hours of the day, peaking in the late evening through 
a combination of increasing ambient temperature and increased door openings.  
 
 Figure 4-3: Daily LC for refrigerators & freezers in an average household 
The next step was to calculate the approximate total load for the refrigerators and freezers 
in the 1,700,000 New Zealand households [76] by using Equation 4-1 above. The saturation 
rate for refrigerators is 1.3 and 0.68 for freezers per household. This results in an estimated 
2.2 million refrigerators and 1.1 million freezers in New Zealand. Their average total load 
will range from 160 MW to 180 MW as represented in Figure 4-4. 
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Figure 4-4: Total load of refrigerators and freezers in New Zealand 
The possibility of delaying the compressor start-up or interrupting the compressor in every 
cycle makes them a very flexible demand response resource. The motor switches on when 
an upper thermostat set point is reached and remains on until the temperature reaches a 
lower set point. When a large number of devices are considered, the number of compressors 
running is almost constant. The scenario for control method for the refrigerator can be done 
through delaying the compressor in regular refrigerators or prolonging the cooling process 
in smart refrigerators as shown in Figure 4-5. Delaying or prolonging the cooling process 
for fifteen minutes, the temperature inside the container increases or decreases 
approximately ±1.5°C [73]. 
Figure 4-5: DLC of refrigerator through delayed start of compressor  
 When the temperature inside the disconnected refrigerator increases, it will reconnect 
gradually to keep the temperature within set limits. They will need energy to gradually 
restore their duty cycle length to the original pre-disturbance level, and they will recover 
0
50
100
150
200
0
:1
5
1
:0
0
1
:4
5
2
:3
0
3
:1
5
4
:0
0
4
:4
5
5
:3
0
6
:1
5
7
:0
0
7
:4
5
8
:3
0
9
:1
5
1
0
:0
0
1
0
:4
5
1
1
:3
0
1
2
:1
5
1
3
:0
0
1
3
:4
5
1
4
:3
0
1
5
:1
5
1
6
:0
0
1
6
:4
5
1
7
:3
0
1
8
:1
5
1
9
:0
0
1
9
:4
5
2
0
:3
0
2
1
:1
5
2
2
:0
0
2
2
:4
5
2
3
:3
0
P
o
w
er
 (
M
W
)
Time (hour)
Refrigeration freezer
0
2
4
6
8
10
0
20
40
60
80
100
120
140
160
0:30 1:00 1:30 2:00 2:30 3:00 3:30 4:00
Te
m
p
e
ra
tu
re
 in
 C
°
P
o
w
e
r 
D
e
m
an
d
 in
 W
Time in hour
Power Temperature
49 
the unserved energy later. This process of controlling a group of refrigerators and their 
recovery time is illustrated in Figure 4-6. First, a control signal can be sent by a third party 
to turn off a fraction of the refrigerators in the participating households. Then, these loads 
can be held off for “m” time. After some time, they start to recover and operate again, and 
a control signal is sent to another group of refrigerators to be turned off for a certain amount 
of time in a way that does not affect the service. Each controlled group of refrigerators gets 
cycled through to extract prolonged capacity without negatively affecting individual 
customers. 
 
 
Figure 4-6: The process of load reduction and load recovery in refrigerators 
Send control 
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An assessment for the UK household refrigerators potential conducted by [70] shows a 
potential of 2000 MW that could be saved by equipping the nation’s household refrigerators 
with a “dynamic demand control”-technology that helps balancing out supply and demand 
on a short term basis. The timing of the activity of a number of fridges is altered without 
letting the fridge go outside the accepted temperature range. Time shifts from the order of 
seconds up to several minutes occur. 
4.3.2 Electrical water heaters 
Similar to refrigeration appliances, water heating is another substantial load in the 
residential sector. 88% of New Zealand homes use electricity as the primary fuel for water 
heating, and water heating accounts for approximately 34% of the residential load in New 
Zealand [78]. Electrical water heaters are usually controlled by a hysteretic thermostat 
which switches the heater ON and OFF depending on a measured temperature. Using  
Equation 4-2 listed in the methodology section above, the load curve for water heating is 
depicted in Figure 4-7 showing large peaks in both the early morning and early evening 
with low demand throughout the night. To illustrate, there is a usage peaking at around 7am 
before people heads to work, schools and universities and a smaller peak, at around 6-8 pm 
after finishing work. 
 
Figure 4-7: General pattern of a daily load curve of an electrical water heater 
Next step was to calculate the approximate total load for the water heaters in the 1,700,000 
New Zealand households [76] by using Equation 4-3 above. The saturation rate for 
electrical water heaters is .86 per household. This results in an estimated 1,360,000 in New 
Zealand.  Their total load will range from 20MW to 340 MW as represented in Figure 4-8. 
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Figure 4-8: Total load of water heaters in New Zealand households 
Electrical water heaters are suitable for short interruptions in their power supply with 
minimal impact on the customers’ comfort level due to the thermal storage of the water and 
the storage tanks. For example, it is possible to delay the start of the heating phase or 
interrupting the heating phase for a certain time or reducing the power demand by choosing 
a lower desired water temperature. That can be achieved through sending a signal of 
shortage of power to the electric water heaters and thus trigger it to change its operation.  
Assuming a shift of 15 minutes, the operation probability will be changed. Reconnecting 
this group of water heaters to the system will cause a peak in demand during the payback 
stage similar to load recovery as shown in Figure 4-9. 
 
Figure 4-9: Example of a change in operation of controlled water heaters 
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 During load reduction, the demand of controlled water heaters is zero. For example, when 
50% of the water heaters are turned off for 15 minutes, 50% of the restored demand is 
added to the uncontrolled demand for 15 minutes. Load reduction periods are followed by 
load recovery. The duration and the amount of the payback will depend on the type and 
duration of interrupted process and the type of storage. For example, let us assume we have 
500 water heaters and that each water heater, when operating, has a load of 2 KW. Next, 
we assume a coincidence factor of 50 percent during the peak time, as only a half of the 
devices will use electricity simultaneously. This means that the load of 500 water heaters 
is 0.5 MW (500 x50%x2KW). If all 500 water heaters are switched off, the expected load 
reduction will only be 0.5 MW. If these are reconnected back to supply after half an hour, 
the load is likely to be 1 MW (500 x 2KW). This is because the temperature in every water 
heater will be below the set levels and thermostat control is trying to reduce the temperature 
by having all water heaters use electricity. So, the total load of the group of controlled 
devices will increase during the load payback period. To counteract this load increase, some 
other appliances must be switched off. 
4.4 Discussion 
Individual household’s power demand differs according to consumers’ needs, behaviours, 
socio-economic background, family size, and age. Aggregation of the modelled loads of 
freezers, refrigerators, and water heaters has the potential to mitigate the irregularity in size 
and frequency of their power demand. The aggregated loads are represented in Figure 4-10.  
 
Figure 4-10: Daily LC of modelled residential loads in New Zealand -2014 
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Direct load control is the most widely used demand response strategy in the residential 
sector in New Zealand. For decades, ripple control strategy has been used to control water 
heaters in New Zealand households for two hours, typically to achieve peak reductions in 
power demand. The purpose of this study is to illustrate and quantify available capacity of 
domestic responsive loads as a means to contribute towards instantaneous reserve provision 
resulting from higher wind power penetration. This study considers direct load control 
strategy of these domestic loads by interrupting their operation for fifteen minutes. Short 
interruptions of the appliances’ duty cycles for fifteen minutes is more likely not to 
influence the service provided to the customers due to their thermal storage capability. A 
large resource is available throughout the day with a range of 152- 500 MW available for 
interruption.  
In [80], according to the survey up to 98% of the respondents would accept their 
refrigerators and freezers to be controlled but the key factor for their acceptance was the 
maintenance of control. In this study,  assuming that 70% of the total households in New 
Zealand are willing to participate in a direct load control demand response program for the 
selected appliances, there will be an average of 300 MW for interruption throughout the 
day which represents an average 3% of the power system demand in New Zealand. This is 
represented in Figure 4-11. 
 
Figure 4-11: DLC of household appliances Potential in 2014 
It can be thought of this resource as a power plant of ~500 MW during peak morning hours. 
The resource is largest in the morning due to the large potential delivered by water heaters. 
The results discussed are representative of a typical availability of interruptible loads. This 
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potential may change slightly considering cold temperature in winter and temperature 
increase in summer. The residential demand response resources can also be thought of as a 
virtual generator. With the development of information technology and communication, 
consumers would not be involved in the control process of the participating loads. The 
household appliances can be remotely controlled by a third party. The third party could 
contract large amounts of residential customers, and then coordinate them in real-time for 
the provision of instantaneous reserve. This will require a coordinated intelligent operation 
of large numbers of these appliances, especially with the recent technology developments 
which currently facilitate a smart operation of these appliances.  Simulations undertaken 
by [80] show that many European countries can benefit significantly from smart appliances 
operation. The study found out that the technological potentials depend on the user 
acceptance with regard to load-shifting, including, intermediate interruptions of the 
operation of appliances, or the use of freezers for temporarily storing energy. In order to 
use residential loads to provide instantaneous reserve, it is essential that they are 
controllable and that the response is predictable. Actual participation will depend on 
marketing effort, consumer education and the incentives offered.  
4.4.1 Potential of controlling modelled loads to provide Instantaneous Reserve  
One aim of this study is to estimate the amount of residential loads able to contribute to the 
additional instantaneous reserve which results from higher penetration of wind in the New 
Zealand power system in the years 2014, 2020, 2030. The authors of [9] found out that 
additional instantaneous reserve will be needed to manage the uncertainty in wind 
generation output. The quantity of additional instantaneous reserve needed was calculated 
in [9]. This study was conducted in 2008 and the reserve quantity needed for the years 2010, 
2020 and 2030 is summarised in Table 4-1. 
Table 4-1: Additional instantaneous reserve 
 2010 2020 2030 
Installed wind power capacity (MW) 634 2,066 3,412 
Max. Instantaneous Reserve (MW) 565 691 912 
 
The actual wind generation for the years 2010-2014 is provided in  
 
Table 4-2.  
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Table 4-2: Wind generation 2010-2013 [81] 
Quarter ending Generation (MW-hours) % of total generation 
March 2014 501,000 6.3 
December 2013 519,000 5.0 
September 2013 586,000 5.3 
June 2013 455,587 4.7 
March 2013 435,752 4.3 
December 2012 589,440 6.4 
September 2012 454,064 4.5 
June 2012 497,784 5.1 
March 2012 491,000 4.9 
December 2011 472,000 4.6 
September 2011 544,000 4.7 
June 2011 483,000 4.4 
March 2011 431,000 4.2 
December 2010 413,000 3.9 
September 2010 387,000 3.3 
June 2010 407,000 3.8 
March 2010 413,000 4.1 
 
Comparing the wind generation profile projected in the study conducted by [9] and the real 
generation data for the year 2010 shown in Table 2 above, we find that the 2010 projected 
generation is the real wind generation profile in 2014, especially considering that Mill 
Creek wind farm is planned to generate 60 MW [82] by the end of 2014. Thus, the 
calculated additional operating reserve calculated for the wind generation in 2010 by [9] 
will be used in this study as the additional operating reserve needed for wind generation in 
2014. The potential of RDR in 2014 to contribute towards the 656 MW additional 
instantaneous reserve range from 150 to 497 when 70 % of New Zealand households 
participate.  In other words, RDR contribution rate will range from 26% to 86%. This is 
illustrated in Figure 4-11. 
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Figure 4-12: DLC of household appliances Potential in 2014 
The estimation of the RDR availability in 2020 and 2030 is based on the assumption that 
these responsive loads will be fully controlled and be available at all times. Assuming a 
participation rate of 70% of New Zealand households, the maximum availability of the 
responsive loads of participating appliances to contribute towards the 691 MW additional 
instantaneous reserve will be from 133 MW to 565 MW. In this simulation, a consideration 
is given to the increase in efficiency of household appliances and to the slight increase in 
the number of households in 2020 which is expected to be 1,830,000 according to [83]. The 
contribution rate of RDR ranging from 19% - 82% is depicted in Figure 4-13. 
 
Figure 4-13: RDR Potential in 2020 towards Instantaneous Reserve 
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In 2030, the potential of the modelled residential loads of these appliances is expected to 
provide 19% - 70%. The decrease in the contribution rate is due to the high increase of the 
additional instantaneous reserve needed with high penetration of wind and to the expected 
increase in efficiency of household appliances. However, as high uptake of heat pumps is 
expected to be around 50 % by 2030 [74], they can be included in the direct control load 
demand response program to provide additional reserve. Also, electric vehicles are 
expected to be spread widely in New Zealand by 2030. 
 
Figure 4-14: Potential assessment of RDR 2030 
Although the time of maximum RDR resource availability may not align precisely with the 
times of maximum grid instantaneous reserve requirements, there is the potential for RDR 
resources to contribute to a significant fraction of the reserves requirement. Over the course 
of a day, the availabilities from the resources vary, and reach their maximums at different 
times. The statistical analysis of load capabilities predicts significant availability from end-
use resources during the early morning and evening. Due to the 15 minute maximum 
interruption time of the responsive loads, their greatest potential lies in providing the 
instantaneous reserve when needed. The New Zealand electricity market is half an hour 
intra-day trading, direct load control could provide the necessary balancing until the next 
trading period. Table 3 summarises the maximum RDR potential contribution. 
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Table 4-3: Contribution of RDR towards additional Instantaneous reserve 
 2014 2020 2030 
Installed wind power capacity (MW) 634 2,066 3,412 
Max. Instantaneous Reserve (MW) 565 691 912 
Max. RDR Potential Contribution 480 550 635 
 
Summary 
The modelled responses demonstrate a large potential resource from the residential demand 
side in terms of the supply of instantaneous reserves. Most of these loads will be operating 
continuously throughout the year and will overlap with the occurrence of wind power 
output down ramps. Demand response in the residential sector is most suited to providing 
instantaneous operating reserve delivered within 1 minute with a duration of 15 minutes. 
The system operator in New Zealand is recommended to provide an opportunity for 
residential demand side aggregators to participate in the market in future years. Further 
analysis is required into the benefit that such programs would offer to the system in terms 
of improved efficiencies and reliability. While the modelling provides an insight into 
typical amounts of reserve which could be made available through a direct load control 
program, further research is required in order to understand the precise nature of the 
response. At the end of the control period demand peaks will occur as the loads are 
reconnected and the energy is paid back. This is particularly the case for refrigeration loads 
and water heaters which will reclaim the shifted or interrupted energy over a relatively short 
period of time after reconnection. For low wind penetration in 2014, hydro remains the 
primary source of instantaneous reserves. The role of demand response in providing 
instantaneous reserves becomes more significant with the increased level of wind 
penetration in 2020 and 2030 scenarios due to the limited expansion of New Zealand’s 
hydro capacity expected in the future. This analysis does not take into account the 
economics of participation or the effort required to enable the end-users effectively.  More 
real data to confirm and refute the predictions of load capabilities must be gathered and 
analysed. These loads are expected to have sophisticated communication control systems 
in the near future, which will allow them to respond instantaneously to the operator 
requests. Finally, Results from this study indicate that the large potential for demand 
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response in the residential sector in New Zealand requires further attention and should be 
considered a potential valuable resource in meeting the system needs in the future.  
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CHAPTER 5 INTEGRATING WELLINGTON REGION’S 
RESIDENTIAL LOADS WITH WEST WIND FARM 
WIND POWER 
5.1 Methodology 
The variability of wind power generation is usually represented in the occasional wind 
down ramps and this has the potential to negatively affect the stability of the power grid 
especially with the expected increase of wind penetration. Wind power changes constantly 
where the power level moves up and down in a stochastic manner, and as a result cannot 
be treated as firm capacity for unit commitment purposes in long term generation 
scheduling. In current wholesale markets wind generators are treated as “Must Run (MR)” 
units so far as unit commitment is concerned. Wind generation is remunerated in a variety 
of ways in different markets (feed-in tariffs, price takers, tax break etc.) but rarely allowed 
to establish the system clearing price and receive the higher levels of remuneration 
available at the margin. Global wind power output is projected to increase from 130 TWh 
in 2006 to over 660 TWh in 2015 and 1490 TWh in 2030 [1]. Wind power also experienced 
dramatic growth over the last decade; global installed capacity at the end of 2011 was 
around 240 GW, up from 18 GW at the end of the year 2000. This increased trend will 
make wind the second-largest source of renewable electricity, after hydro in near future.  
NZ has set a target of 90% of renewable energy by 2025, given that NZ produced just over 
75% of electricity using renewables in 2011. Given the high proportionate levels of wind 
capacity entering markets throughout the world, it is expected that the present wind 
generation capacity of over 600 MW in New Zealand will further increase at least 1000MW 
by 2025. It will be increasingly difficult to continue to schedule and dispatch wind units as 
MR units. Rather the trend to wind forming a significant proportion of capacity in many 
jurisdictions suggests that wind generators will have to be considered as “dispatchable” 
units. To achieve dispatchability wind generation will need to be “firmed” with generation 
or/and load resources. Different methods are used to balance the generation and load for 
different time frames. For longer time frames of days to weeks, operators may plan and 
commit different generating units to match the forecasted daily load profiles of weekdays 
and weekend. It is clear that the variability of wind power affects the system operations. 
This analysis will focus on utilizing RDR to balance the fluctuations of wind generation in 
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the shorter time frames that could affect system operations in the sub-hourly and hourly 
time frames. The contribution of the RDR is investigated based on three scenarios. The 
load amount share from DLC demand response program in the Wellington Region is 
assumed to be equal to 0%, 50%, and 100 % of the available responsive loads to balance 
the fluctuation of wind generated from West Wind. 
 This section provides a showcase to illustrate the potential of integrating Residential 
Demand Response (RDR) with wind power. It specifically assesses the role of RDR 
extracted from the direct load control of refrigerators, freezers, water heaters, and heat 
pumps in Wellington Region to act as a possible reserve for balancing the fluctuation of 
wind power generated from the West Wind wind farm in eight selected days in the years 
2013-2014. The value that responsive load resources can provide to mitigate the fluctuation 
of wind power generated from West Wind is investigated based on three scenarios. These 
scenarios are decided on the assumed contribution percentage of available responsive loads 
from 70% participation of wellington Region households.  
Figure 5-1 presents the available loads from controlling refrigerators, freezers, water 
heaters, and heat pumps in 70% of Wellington Region households. A large resource is 
available throughout the day with a range of 20 - 55 MW available for interruption. During 
the peak period, the power resource from those responsive loads can be thought of as a 
virtual generator of 55 MW.  
 
Figure 5-1: Potential of RDR in Wellington Region 
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This simulation is performed using Digsilent Power Factory software. Below is a 
description of building the model and a report and analysis of the simulation results of 
integrating responsive loads with wind power on selected days.  
5.2 Wind data source selection 
Wind data in this study was acquired from Transpower which is comprised of recorded one 
minute resolution for eight days in 2013-2014 in different seasons. I averaged minute spot 
data to formulate hourly wind generation profile to provide a more accurate measure of the 
power generated over an hour than hourly spot data alone because it is best to select sources 
showing the greatest fluctuation of wind data. Wind power generally does not experience 
large changes in output from one moment in time to the next. It is therefore best to use an 
hourly measure of fluctuation, preferably arrived at through hourly averages of second or 
minute data, to assess demand response as a suitable resource for managing wind ramps. 
[84] defined a wind ramp as a monotonic change, defined as multiple serial step changes 
of the same direction, in wind power over a set of temporal step changes of recorded output. 
A step change is the difference between a record of power output and the prior record of 
power output along a time series of wind generation data; this difference, or change, can 
either be positive, negative, or zero. The length of each step change is a function of the 
defined time interval between singular or averaged data points, therefore a step change can 
be in seconds, minutes, or hours.  A down-ramp begins at the point at which a step change 
in power output shifts from positive to negative. Wind down-ramps require dispatachable 
generation to have sufficient ramp up capacity to compensate for the lost wind power. One 
main aim of this study is to balance wind down-ramps by available load and responsiveness 
under a demand side management program.  
In this study, the data for the system was balanced independent of RDR every 1 hour to 
cover for any inaccuracies in the data and model. The time period of 1 hour was chosen as 
it represents a reasonable time period for RDR to be the primary balancing mechanism for 
the wind fluctuations without impacting RDR participants negatively. A time period of 1 
hour also allows a comfortable time frame for the system to balance the change in wind 
generation with low ramp rates and small effects on dispatch and the frequency keeper. 
5.3 Digsilent Power Factory model 
Digsilent Power Factory was chosen as the simulation software for this study due to the 
availability of the software and the accessibility of the power system models from 
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Transpower. A full North Island Power System (NIPS) model was received from 
Transpower in Digsilent Power Factory format. The NIPS model had no dynamic models, 
limiting the study framework to load flow studies, rather than time domain analysis 
5.3.1 Wellington Region reduction  
Due to this study focussing on Wellington loads and West Wind generation, from the NIPS 
model, the Wellington region was isolated using the “Network Reduction” tool. The 
substations retained from the full NIPS model were Haywards, Wilton, Central Park, 
Kaiwharawhara, Takapu Rd, Pauatahanui, Melling, and Gracefield.  
Consideration was given to extending the model to include Wellington Electricity 
substations. The model was kept at Transpower Grid Exit Point (GXP) level as it was 
determined that the load assumptions that could be made at Transpower GXP level were as 
valid as the load assumptions that could be made at the Wellington Electricity substation 
level. Therefore the increased complexity of adding Wellington Electricity substations to 
the model would provide little benefit to the study and was not implemented.  
Figure 5-2 shows the Wellington Region power system retained in the Digsilent model 
geographically and  
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Figure 5-3 shows the model in Digsilent. 
 
 
Figure 5-2: Wellington Region power system geographical diagram 
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Figure 5-3: Wellington Region Digsilent Model  
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The reduction tool produced equivalent network objects attached to the Haywards 220 kV 
bus, Wilton 220 kV bus, Pauatahanui 110 kV bus, and the Upper Hutt 110 kV bus. These 
equivalent network objects were replaced by external grid objects in the model.  
5.3.2 System data 
This study included the use of real time data with varying levels of wind power fluctuation 
from West Wind during eight days in different seasons during years 2013-2014. Power 
flow data was obtained from Transpower for: 
 HVDC (High Voltage Direct Current link transferring power between north and 
south island) power flow – half hour resolution data 
 Power flow into Haywards – half hour resolution data 
 Power flow into Wilton – half hour resolution data 
 Power flow into Pauatahanui – half hour resolution data 
 Power flow into Upper Hutt – half hour resolution data 
 All relevant loads in the model - half hour resolution data 
 West Wind power flow – 1 minute resolution data 
 The resolution of half an hour was chosen for most of the power flow data as this 
gives an indication of the state of the system at the start of each trading period. 
Due to the focus on wind generation fluctuation, a higher resolution of data of 1 
minute was needed for West Wind power output. 
This data was input into the relevant model components as a time characteristic trigger as 
shown in Figure 5-4. A time characteristic trigger in Digsilent allows the operational values 
of objects to be varied by adjusting the 'study time' of a case. It is a convenient way of 
incorporating time based system data into the model. In the example shown in Figure 5-4, 
setting the study time of the Digsilent case to 12:01am would set the WWD_T1 MW output 
to 39.1 MW, and setting the study time to 12:06am would set the WWD_T1 MW output to 
41.26 MW. 
As discussed above, data used was of varying resolution, so linear interpolation was used 
for the half hour resolution data to allow smooth transition of values between half hour data 
points and avoid any step changes in data with a 1 minute time step simulation.  
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Figure 5-4: West Wind 1 MW time characteristic trigger 
5.3.3 Demand response load balancing  
The demand response load balancing was implemented by setting up slack generation at 
each load site in the model. Each load was modelled with an associated synchronous 
generator which would offset the load value by a required amount to balance the load flow 
generation and load MW. Figure 5-5 shows the example of Central Park. Essentially the 
total load was considered load + dynamic response generator offset. 
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Figure 5-5: Central Park demand response slack generation modelling 
The share of load flow balancing from each generator was co-ordinated by the use of a 
Power-Frequency Controller. All the dynamic response generators and an additional slack 
generator at Haywards were added to a Power Frequency Controller to determine the share 
of MW’s they would provide. This is shown in Figure 5-6. 
 
Figure 5-6: Dynamic Response Power Frequency Controller 
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Additionally, by selecting in the load flow options to “Consider Active Power Limits”, 
limits of the MW’s provided by each of the dynamic response models could be set for each 
generator and hence, each load. For example, if it was determined that the Gracefield load 
could reduce load by 3 MW, the DD_GFD33 generator should be set with a MW limit of 3 
MW.  
In order to account for balancing by the power system which the dynamic response will not 
be able to provide, a slack generator at Haywards was added. This generator was added 
with an Active Power Percentage in the Power Frequency Controller of 0.01%. This means 
that it will have minimal input to the balancing of the load flow until all the dynamic 
response generators had reached their limits, then the Haywards slack will produce 
whatever MW's are required to balance the system and solve the load flow. This Haywards 
slack generator will be reflective of what balancing will be required from the rest of the 
system which the load dynamic response cannot provide. 
Another option considered in modelling the load dynamic response was to set up the loads 
themselves as slack generation. The methodology described above as having the load and 
an associated slack generator to represent the dynamic response offset was chosen as it 
easily allowed balancing wind fluctuations while having the time characteristic on the loads 
and being able to set limits on the dynamic response slack generators.  
5.3.4 Quasi-dynamic simulation 
As mentioned previously, there were no time domain models in the Digsilent case received 
from Transpower, therefore the study was limited to load flow analysis. The Quasi-
Dynamic Simulation tool allows a series of load flows to be run over discrete time points. 
Quasi-Dynamic Simulations were run for this study.  
Due to the nature of the study not being a full dynamic analysis, any time domain issues 
such as slow response of load dynamic response have not been considered, it is essentially 
a MW matching study. Since the system data was input into the models as time triggers, 
running a quasi-dynamic simulation successfully ran through the system conditions at each 
time step, giving the available MW’s from load dynamic response. Figure 5-7 shows an 
example of setting options for the quasi-dynamic simulation. 
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Figure 5-7: Example of setting options for the quasi-dynamic simulation 
5.3.5 Simulations steps 
The overall computation behind this study can be described by the equations below: 
The first stage in the calculation is to balance the system data with the wind power averaged 
over 1 hour periods. This represents the wind generation as an ideal stable power source. 
The balance of the system data is described in Equation 5-1. Practically this was done by 
replacing the 1 minute resolution wind data in the Digsilent model with wind power 
averaged over 1 hour time steps, and running the quasi dynamic simulation with dynamic 
response generations disabled. The output of the slack generator at Haywards represents 
the additional balance of the system data required with the 1 hourly averaged wind power 
input. The averaged wind data described above as averaged on an hourly basis, except 
during significant ramping events where it was held constant according to the pre-event 
power output. This is to allow the dynamic response to have maximum input into alleviating 
the effect on the system from this fluctuation. 
In Equation 5-1 below, 𝑃𝐿𝒐𝒂𝒅 represents the combined Wellington region loads in the 
network model. This includes loads at Haywards, Wilton, Central Park, Kaiwharawhara, 
Takapu Rd, Pauatahanui, Melling, and Gracefield substations.  𝑃𝐿𝑖𝑛𝑒 represents the 
combined transmission line flows for circuits into the Wellington region. PHVDC represents 
the power flow through the HVDC which connects into Haywards. Gslack represents the 
73 
slack generator at Haywards. WG1hour represents the West Wind power output averaged 
over 1 hourly time periods. 
∑ 𝑷𝑳𝒐𝒂𝒅 + ∑ 𝑷𝑳𝒊𝒏𝒆 + ∑ 𝑷𝑯𝑽𝑫𝑪 + ∑ 𝑾𝑮𝟏𝒉𝒐𝒖𝒓 + ∑ 𝑮𝒔𝒍𝒂𝒄𝒌 = 𝟎  Equation 5-1 
The second stage of the calculation is to input the Gslack data obtained in Equation 5-1 back 
into the Digsilent model as a separator generator parallel with the Haywards slack. At this 
stage the 1 minute resolution West Wind data replaces the 1 hour averaged data used for 
Equation 5-1. Running the quasi dynamic simulation with this configuration gives the 
balance required by the system to compensate for fluctuations in the wind power output 
within the 1 hour time periods and significant ramping events.  
In   Equation 5-2 below, WG1min represents the actual 1 minute resolution West Wind 
power output data. 𝐺𝑠𝑙𝑎𝑐𝑘
′  represents the balance required by the system to compensate for 
fluctuations in the wind power output. 
∑ 𝑃𝐿𝑜𝑎𝑑 + ∑ 𝑃𝐿𝑖𝑛𝑒 + ∑ 𝑃𝐻𝑉𝐷𝐶 + ∑ 𝑊𝐺1𝑚𝑖𝑛 + ∑ 𝐺𝑠𝑙𝑎𝑐𝑘 + ∑ 𝐺𝑠𝑙𝑎𝑐𝑘
′ = 0  Equation 5-2 
Running the simulation with the setup described above for   Equation 5-2 with varying 
levels of load dynamic response produces the available power from thermostatic loads to 
balance wind fluctuations, and the required power from the rest of the system. This is 
described in Equation 5-3, with RDR representing the power available through load 
dynamic response and 𝐺𝑠𝑙𝑎𝑐𝑘
"  representing the balance required by the rest of the power 
system. 
∑ 𝐺𝑠𝑙𝑎𝑐𝑘
′ = ∑ 𝐺𝑠𝑙𝑎𝑐𝑘
" + ∑ 𝑅𝐷𝑅     Equation 5-3 
Figure 5-8 shows a simulation output example. The trends in the plot relate to the simulation 
and model described above as follows: 
1 min wind output - 1 min resolution West Wind power output data (𝑊𝐺1𝑚𝑖𝑛 -  
 Equation 5-2) 
1 hour modelled power – Balanced system data as described in section above (𝑃𝐿𝒐𝒂𝒅 +
𝑃𝐿𝑖𝑛𝑒 + 𝑃𝐻𝑉𝐷𝐶 + 𝐺𝑠𝑙𝑎𝑐𝑘 - Equation 5-1) 
Utilised RDR - Total generation from the dynamic response slack generators simulating 
load offset (𝑅𝐷𝑅 - Equation 5-3) 
Slack generation - Slack generator modelled at Haywards to simulate MW balance required 
by the rest of the system (𝐺𝑠𝑙𝑎𝑐𝑘
" ) 
Full results and final outputs discussed in section 5.5. 
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Figure 5-8: Balancing DWR with 100 % of RDR on April 29, 2014 
5.4 Considerations of the study 
Certain aspects of power system simulation were important for this study and other aspects 
were considered to not be relevant. Discussion on how different aspects of the power 
system affect this study is below: 
Active power flow - this is essentially the core of the study. The study determines active 
power reduction available from loads to balance out active power fluctuation in wind 
generation. 
Frequency - as this is not a time-domain analysis, but a series of load-flow calculations 
made in time steps, the frequency does not play a part in this analysis. Frequency would 
continue to be managed in real time as it is now by generator governor action and the 
frequency keeper. The dynamic load response will only help the frequency situation as it 
can provide an element of fast acting load balance and relieve the burden of MW balance 
from the frequency keeper.  
Reactive power flow - no consideration of reactive power flow has been made in this study. 
The effect of reactive power is minimal to this study as the control of load dynamic response 
focuses on the active power modulation of thermostatic units. 
Voltage - no consideration of voltage issues has been made in this study. During the 
simulation, the voltage was kept very constant due to the external grids placed at Haywards 
and Wilton. Both external grids had fixed voltage set points which ensured the voltage 
remained steady. Different voltage levels may affect the available MW's for voltage 
dependent loads, however this has not been treated as significant for this study.  
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Active power losses - due to the load and generation in this study being Wellington 
focussed, losses will not be significant. The Digsilent model is a complete model from 
Transpower and any losses between the supply of power from the system and West Wind 
to the Wellington load will be modelled. Depending on where the dynamic response loads 
are supplied from, losses in the network potentially mean that more gain comes from load 
dynamic response, than balancing with the frequency keeper, since to provide that MW of 
load the generator must provide 1 MW plus losses which can be significant, especially if 
the frequency keeper is electrically quite far from the wind farm or load centres. 
5.5 Simulation Results  
5.5.1 Apr 29, 2014 Event 
As mentioned above, one aim of this study is to see the possibility of firming wind 
generation by combining wind generation output with responsive load available from the 
residential sector. Figure 5-9 shows the West Wind wind farm power output on 
April/29/2014 plotted with 1-minute resolution. Starting at approximately 9 in the morning, 
wind power out from West Wind Farm reached its peak of that day of 125 MW and started 
to drop suddenly. In less than 30 minutes, wind generation decreases to 30 MW which 
constitutes more than 75% loss of wind power and continued in the 30-60 MW wind output 
for two hours.  
  
Figure 5-9: Wind output profile on April 29, 2014 
This down ramp occurred during the morning peak period which makes it very necessary 
to have an Figure 5-8, to balance the wind output fluctuation and compensate for the down 
ramp during these two hours, 80 MW of slack generation was needed.  
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The available RDR from controlling responsive loads of 70% of Wellington region 
households during these two hours is 40MW. As shown in Figure 5-10 , assuming that 
utilising 100% of these available responsive load, we can compensate for 50% of the 
needed reserve and thus mitigate 50% of the rate of this large down ramp, and the other 
50% of reserve is provided by the slack generation which is more likely to be from hydro 
resources. 
 
Figure 5-10: Balancing DWR with 100 % of RDR on April 29, 2014 
5.5.2 March 3, 2014 Event 
As mentioned above, one option for firming wind generation is to combine wind generation 
output with responsive load available from the residential sector. Figure 5-11 shows West 
Wind power output plotted with 1-minute resolution on 3/3/2014. 
  
Figure 5-11: Wind power output on March 3, 2014 
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Figure 5-12: Balancing DWR with slack generation Mar 3, 2014 
Utilizing 50% from the available RDR from responsive controlled loads in 70% of 
wellington Region households to balance the fluctuation of wind during for 1-2 and 9-10 
am time slots.  These available responsive loads can be thought of as a virtual generator to 
contribute to the required reserve to balance these two down ramp periods. Figure 5-13 
shows that employing 50% of the available RDR from controlled loads can contribute to 
25% of the required reserve to mitigate the fluctuation from 1-2 am. However, the RDR is 
shown to contribute to 50% of the required reserve towards the ramp down from 9-10 am.  
 
Figure 5-13: Balancing DWR with 50% of RDR Mar 3, 2014 
However, Figure 5-14 shows when utilizing 100% from RDR available from controlling 
responsive loads in 70% of Wellington Region households, the imbalance from 1-2 am can 
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be reduced to 50% and from 9-10 am, the imbalance can be reduced to around 90%. This 
can be due to the fact that the residential loads available from 1-2 am from water heaters 
are more likely to not be operating at this time and therefore their contribution will not be 
counted. Thus, it is expected that the contribution of the RDR will depend on the time of 
day fluctuations occur. 
 
 Figure 5-14: Balancing DWR with 100% of RDR Mar 3, 2014 
Hence it is concluded that contributing load to DLC demand response programs yields 
better results to the balancing the down ramps of wind. RDR can be used to compensate 
for imbalance caused by wind fluctuation. There are many high short term fluctuations in 
wind generation in this event. This shows that RDR can correspond to the small 
fluctuations.  
5.5.3 Jan 1, 2014 Event 
Figure 5-15 presents the West Wind wind farm power output plotted with 1-minute 
resolution on the first day of the New Year. There are two large ramps. The first down ramp 
started at 13:15 after the wind output reached its peak with a generation output of 132 MW. 
It gradually dropped and generated only half of its capacity at 2 pm.  Then, wind output 
starts to increase gradually reaching a second peak of 125 MW at 15:17 Pm. Then, it 
decreases again within one hour and a half leading to a second down ramp with a loss of 
half of its generation capacity at around 5pm. This means that there were two big down 
ramps within four hours happening at a peak time when Wellingtonians were celebrating 
the New Year.   
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Figure 5-15: Wind profile on January 1, 2014 
 To compensate for the loss of power generation during each down ramp, 47 MW of slack 
generation without utilizing RDR was needed to balance the fluctuation in the first ramp 
and 32 MW to compensate for the loss of generation in the second down ramp as shown in 
Figure 5-16.  
 
Figure 5-16: Balancing DWR with Slack generation on Jan 1, 2014 
When conducting a simulation which integrates 100% of available responsive loads which 
provided 37 MW and 34 MW respectively, wind fluctuation is completely balanced during 
these two down ramps. This is represented in Figure 5-17. 
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Figure 5-17: Balancing DWR with 100% of RDR on Jan 1, 2014 
5.5.4 Oct 25, 2013 Event 
The wind profile in this day as shown in Figure 5-18 shows the most frequent large down 
ramps in these seven days. There are two large ramps. The first large down   ramp started 
at 9 in the morning when the wind generation reached its peak of 105 MW and it took three 
hours to reach its minimum generation at rate 38 MW.  
 
Figure 5-18: West Wind power output on Oct 25, 2013 
The second large ramp started to occur at 18:46 when the wind generation peak was 
103MW and it gradually decreased till it generated 30 MW only at 21 and it continues in 
this decrease for half an hour. To balance the fluctuation during these two large down 
ramps, the slack generation provided a maximum of 36 MW at 12 pm and 45 M at 21:30 
as shown in Figure 5-19.  
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Figure 5-19: Balancing DWR with Slack generation on Oct 25, 2013   
Utilizing 100% of available RDR has the potential to provide this amount of necessary 
reserves in the amount of 37 MW and 40 MW respectively during these two down ramps. 
Also, as can be seen from the figure, the RDR is able to balance the medium and small 
fluctuations of wind power throughout the day by providing the necessary reserve to firm 
the wind power as show in Figure 5-20. 
 
Figure 5-20: Balancing DWR with 100% of RDR  
5.5.5 Sep 13, 2013 Event 
In this winter day shown in Figure 5-21, there are three large down ramps occurring in the 
early morning, noon, and late evening. In this example, the difference between daily 
maximum power and daily minimum power is over than 100 MW. Starting at about 88 MW 
at 12:00 am it took about 5 hours for the wind power to decrease to around 20 MW. The 
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wind power increased to about 70 MW within two hours. Then, in less than half an hour, 
the wind generation decreases to less than 23 MW. Then, it starts to decrease at 9 am till 
10:20am when the generation amount was 11 MW only. Starting at about 110 MW at 18:44 
am it took about 5 hours for the wind power to decrease to around 23 MW.  
 
Figure 5-21: West Wind power output on Sep 13, 2013 
In all of these down ramps, the decrease percentage is more than 60%. As shown in the 
Figure 5-21, there are smaller up and down movements with durations ranging from 
minutes to hours interspersed in between that create local peaks and valleys. For the electric 
system to operate reliably, generation must match load all the time. To balance the 
fluctuation from 3-6 am, the slack generation contributed 30 MW as shown in  
Figure 5-22. At 12 pm, it provided 22 MW and at 4:20, it provided 24 MW to firm the wind 
generation during those times.  
 
Figure 5-22: Balancing DWR with slack generation on Sep 13, 2013  
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As shown in Figure 5-23, simulating the integrating of available RDR with wind power 
during these down ramps shows that utilizing 80% from available loads can balance these 
fluctuations and compensate to the required reserve. It can provide a maximum of 27 MW 
from 16:00 -17:00.  
 
Figure 5-23: Balancing DWR with 80% of RDR on Sep 13, 2013 
5.5.6 Jul 2, 2013 Event 
Figure 5-24 provides a profile of the West Wind wind farm power output plotted with 1-
minute resolution on winter day in July 2, 2013. Starting at about 124 MW at 17:20 am it 
took about one hour for the wind power to decrease to around 60 MW. The wind power 
increased to about 116 MW in less than one hour. There are smaller up and down 
movements with minutes durations from minutes to hours interspersed in between that 
create local peaks and valleys.  
  
Figure 5-24: West Wind power output on Jul 2, 2013 
-40.00
-20.00
0.00
20.00
40.00
60.00
80.00
100.00
120.00
P
o
w
er
 (
M
W
)
Time (H)
1 min  Wind Output 1 hour modelled power Utilised  RDR Slack Generation
0.00
20.00
40.00
60.00
80.00
100.00
120.00
140.00
P
o
w
er
 (
M
W
)
Time (H)
84  
There is more than 50% decrease in wind generation represented in this down ramp. As 
shown in Figure 5-24, this decrease in wind generation required an additional 52 MW to 
balance the fluctuation and maintain reliability in the power system. The slack generation 
compensated for the fluctuation of wind when utilizing 0% of the available RDR as shown 
in Figure 5-25. 
 
Figure 5-25: Balancing DWR with Slack generation on Jul 2, 2013  
When integrating 50% of available RDR to contribute to the reserve needed for balancing 
the fluctuation in this down ramp, we could get 20MW approximately and 30 MW from 
the slack generation. It was able to compensate for all the small fluctuations throughout the 
days as shown in Figure 5-26. 
 
Figure 5-26: Balancing DWR with 50% of RDR on Jul 2, 2013 
-40.00
-20.00
0.00
20.00
40.00
60.00
80.00
100.00
120.00
140.00
P
o
w
er
 (
M
W
)
Time (H)
1 min  Wind Output 1 hour modelled power Utilised  RDR Slack Generation
-40.00
-20.00
0.00
20.00
40.00
60.00
80.00
100.00
120.00
140.00
P
o
w
er
 (
M
W
)
Time (H)
1 min  Wind Output 1 hour modelled power Utilised  RDR Slack Generation
85 
Utilizing 100% of the available RDR which can provide a maximum of 40 MW and 10 
MW from the slack generation to compensate for the largest down ramp from 17-19 pm 
which reached its peak at 17:30 and coincided with the evening load peak. The RDR was 
able to balance the fluctuations of small ramps easily by providing small amount of reserve 
as shown in Figure 5-27. 
 
Figure 5-27: Balancing DWR with 100% of RDR on Jul 2, 2013 
5.5.7 June 27, 2013 (Winter Time) 
 Figure 5-28 shows the West Wind farm power output on 27/6/2014 plotted with 1-minute 
resolution. There are many short small fluctuations. 
 
Figure 5-28: WWF wind output on June 27, 2013 
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Although there are many frequent short fluctuation throughout the 24 hours, there is no 
sever down ramp occurring during this day. The maximum slack generation needed to firm 
the variable wind power was 17 MW at 7 am in the morning as shown in Figure 5-29. 
 
Figure 5-29: Balancing DWR with Slack generation June 27, 2013  
When utilizing 30% of RDR, it easily compensated for these small down ramps and 
provided 100% of the reserve needed to balance the fluctuation throughout the day. This 
shows that RDR will be needed in variable amounts depending on the fluctuation rate of 
wind generation day by day as shown in  
Figure 5-30.  
 
Figure 5-30: Balancing DWR by 30% of RDR June 27 
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5.6 Summary 
A key aspect of system security is its ability to closely balance demand and supply over 
different time horizons. This case study has demonstrated that demand side resources can 
contribute to balance wind fluctuation and mitigate its variability and thus improve system 
adequacy and contribute to the increased flexibility needs of the system with high levels of 
wind penetration needed in the future. RDR generation helps to cancel out any fluctuations 
in wind power.  Further research is required into the overall costs and reliability of such 
programs. Ideally, to gain proper insight into the nature of the response, trial data would be 
required. Once RDR is utilized to provide grid reserve less conventional generation, 
especially from hydro resources, will be needed.  
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CHAPTER 6 CONCLUSION 
6.1 Summary 
As New Zealand is expected to generate more than 20% of its electricity from wind power 
by 2025, the variable and unpredictable characteristics of wind creates certain integration 
problems, which require increased levels of instantaneous reserve to balance wind 
fluctuation [9]. This research has quantified the available capacity for residential demand 
response for the provision of instantaneous reserve to counter and mitigate wind variability. 
The first major part of this work focused on modelling responsive loads of domestic 
refrigerators, freezers and water heaters. These household appliances were selected due to 
their thermal storage capability which makes their loads suitable for short interruptions 
without sacrificing the service provided. By controlling the loads of these appliances, the 
amount of reserve which usually is provided by conventional generation can be provided 
by short interruptions of the loads without causing inconvenience for consumers. The 
analysis of load capabilities predicted significant availability from these household 
appliance. The maximum interruption time has been set to 15 minutes for all loads. A large 
resource is available throughout the day with range of 152- 500 MW available for 
interruption.  
This research shows that residential demand response could play a significant role in 
contributing to meet the systems reserve requirements in the years 2014, 2020 and 2030. 
From the small case study, it can be concluded that in a system with high wind energy 
production, demand response, can be useful to partially level out variations in wind 
production. Analysing the impact of demand response in systems with even higher wind 
production rates is left for future research. The modelling conducted in this research 
provides an insight into typical amounts of reserve which could be made available through 
a direct load control program, but further research is required in order to understand the 
precise nature of the response. At the end of the control period demand will increase as the 
loads are reconnected and the energy is paid back. This is particularly the case for 
refrigeration and water heaters loads which will reclaim the shifted energy over a relatively 
short period of time after reconnection. The precise nature of this response requires more 
detailed attention, and severe demand spikes will need to be managed with time delays. 
Similar schemes already exist in the US where air conditioning loads are reduced. The 
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potential for refrigeration loads to provide frequency regulation is also being explored, with 
trials currently under way in the UK. 
By extending this control methodology into the whole New Zealand power system a kind 
of market can be provided for responsive demand which can work like the reserve market 
in which the participants can declare the amount that they are willing to provide as a 
responsive load. 
6.2 Future research directions 
This study did not take into account the economics of participation, the effort required to 
enable the end-uses effectively to participate in demand response programs. This study 
calls for Transpower to provide an opportunity for residential demand side aggregators to 
participate in the market in future years. The potential revenue that can be generated from 
market participation will determine the cost effectiveness of operating residential demand 
response programs. Further analysis is required into the benefit that residential demand 
response would offer to the system in terms of improved efficiencies and reliability and to 
contribute to the increased flexibility needs of the system with high levels of wind 
penetration. Further research is also required into the overall costs and reliability of such 
programs. This will require conducting a pilot study using real data to accurately assess the 
economic value of residential demand response program when balancing the fluctuation of 
wind power.  
Data to confirm and refute the predictions of load capabilities must be gathered and 
analysed. Most of these loads will be operating continuously or almost continuously 
throughout the year and will overlap with wind down ramps occur. Recent developments 
of ICT, such as NEST Technologies, are more likely to facilitate the participation of these 
loads to respond instantaneously to the operator requests. The additional cost of enabling 
technologies for the direct load control of residential loads could be relatively modest. 
Further, research is also required into the overall costs and reliability of such programs.   
 In this study, the input for the model was consisted of average probabilistic distributions 
of use for refrigerators, freezers, and water heaters, but household meters can be 
programmed in a way that provide accurate information regarding the loads of these 
appliances Such potential residential demand response program will require support from 
a number of stakeholders, industry players, traditional industry, governmental and non‐
governmental agencies and consumers. 
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